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Abstract 
This thesis examines the electrochemical formation of Ti-15 wt. % Mo and Ti-10 
wt. % W via the FFC Cambridge Process at 900°C. The objective of this research was to 
characterise and understand the reduction pathway of TiO2 when a second metal oxide was 
incorporated. By forming titanium alloys the process aspires to replace the current methods 
for titanium production and the subsequent alloying steps. The alloys systems were studied 
with a number of reductions interrupted at different time intervals in the reduction process. 
The samples were characterised using X-ray diffraction, secondary electron microscopy and 
X-ray dispersive spectroscopy. 
Ti-15Mo alloys were produced via the electrochemical deoxidation of (Ti,Mo)02 
precursors (formed by sintering TiO2 and MoO2 blended powders) in a molten CaC12 
electrolyte at 1173 K. The reduction of (Ti,Mo)02 was characterised by analysing several 
partially reduced samples taken periodically through the deoxidation process. Fully metallic 
samples were retrieved after 9 h of reduction. This relatively short reduction time relative to 
that documented in pure TiO2 was attributed to the early formation of a conductive 
(Ti,Mo)O network. TiO2 is known to reduce through its lower oxides sequentially to form 
Ti. It was found that the presence of Mo reduced the number of lower Ti oxides traversed 
during reduction. This was believed to be beneficial as fewer crystallographic changes take 
place. The slowest step in the reduction of TiO2 is known to be the deoxidation of Ti, this 
step was accelerated as Mo stabilised p Ti at oxygen contents approaching TiO. 
Ti-10 wt. % W alloys were produced via the electrochemical deoxidation of mixed 
Ti02+WO3 sintered precursors in a molten CaCl2 electrolyte at 1173 K. The reduction of 
these ceramic precursors was characterised by analysing several partially reduced samples 
taken periodically through the deoxidation process. Fully metallic samples were retrieved 
after 15 h of reduction. This reduction time was longer than that observed by the authors for 
metallisation of (Ti,Mo)02 sintered precursors. This was believed to occur as a result of 
significant differences in the reduction pathway, despite tungsten and molybdenum 
possessing similar interactions with titanium (group VI elements). It was found that 
reduction initiated with the rapid reduction of WO3 to a W-Ti particulate. TiO2 then 
proceeded to reduce sequentially through the lower oxides, with the formation of 
Ca(Ti,W)03. Between 1 h and 3 h of reduction the sample is believed to be composed of 
Ca(Ti,W)03 and TiO. A comproportionation reaction between the two phases is then 
observed with the formation of W-Ti and CaTi2O4, which then proceeds to reduce to 
titanium. However homogenisation between the product titanium and W-Ti does not take 
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place until the titanium is sufficiently deoxidised, thus 13 Ti forms late in the reduction 
process. It is believed that the lack of formation of f3 Ti early on in the reduction process, 
coupled with the lack of formation of a conductive (Ti,Mo)O network, accounts for the 
relatively slow reduction time. 
During the investigation of these two titanium alloy systems it was found that 
reduction took less time than for pure TiO2 any was initially thought to be a result of an 
improvement in conductivity of the precursor. A literature search on the effect a secondary 
oxide on the conductivity TiO2 revealed an entire field not previously explored for the FFC 
Cambridge process. On the basis of these findings a new interpretation of the reduction 
process is established. This lead to a new interpretation of existing data from thin-films and 
micro-cavity electrode experimentation. In addition, it is believed that the new interpretation 
has connotations for optimisation of pellet reductions. 
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Chapter 1 Introduction 
Titanium and its alloys exhibit excellent structural efficiency, corrosion resistance 
and unrivalled biocompatibility. However, its yearly production tonnages are dwarfed by 
many other commodity metals, most of which are less prevalent in the Earth's crust. The 
cause is the high cost of the titanium, which is largely a result of the method of production 
i.e. the Kroll process. 
Considerable resources have been expended in trying to develop an alternative 
production route for titanium. At present three technologies are being actively considered for 
industrial scale-up. The Armstrong/1TP process is a continuous version of the Hunter 
reduction route, where gaseous TiC14 is reduced and cooled as it is injected into a flowing 
stream of molten sodium to produce titanium powder. The MER process in contrast 
carbothermically reduces TiO2 to produce a lower oxide approaching TiO in composition. A 
composite anode is then manufactured by blending carbon and this oxide, which is reduced 
to titanium via electrolysis in a molten salt. However the process that has arguably drawn the 
most attention is the FFC Cambridge Process. First demonstrated in 2000 using Ti02, the 
process involves the progressive deoxidation and reduction of a metal oxide in a CaC12 melt. 
Oxide ions released from the metal oxide are absorbed by the melt, which then migrate to a 
carbon anode where they form carbon dioxide or carbon monoxide. A number of companies 
have expended significant effort on the commercialisation of this process including, BHP 
Billiton, British Titanium, Metalysis, Norsk Titanium, Timet and QinetiQ. 
Since 2000, the FFC Cambridge process has been used to form a number of metals 
using varying electrolyte composition and electrode configurations. One of the key features 
of the FFC Cambridge process is that, in addition, to the forming metals the process can be 
used to form metal alloys. This is achieved by mixing two or more metal oxides together and 
co-reducing them. This can be extremely advantageous for the formation of beta titanium 
alloys as the process would overcome a number of issues encountered in conventional 
formation routes. 
The production of beta titanium alloys via conventional methods is an arduous 
process requiring multiple stages of processing. These alloys are conventionally produced by 
melting titanium sponge with alloying additions or master alloys. The titanium sponge is 
produced via the Kroll process, a pyro-metallurigical process involving the chlorination of 
rutile to form TiC14, which is subsequently reacted with magnesium to form titanium sponge. 
This process typically requires between ten days and two weeks to produce several tonnes of 
titanium sponge from rutile. When alloyed with 13 additions, segregation effects are 
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prominent in these titanium systems, as the alloying additions have a large difference in 
density and melting point to titanium, thus conventional processing involves several remelts. 
Forming beta titanium alloys via the FFC Cambridge process would theoretically 
avoid such segregation issues as the entire reduction process is conducted in the solid state. 
Thus if the initial metal oxides are mixed together thoroughly and the particle size is small 
enough the final alloy will be homogenous. In addition, the reduction of a mixed oxide 
precursor to form a homogenous beta titanium alloy would take on the order of days as 
opposed to several weeks via conventional routes. The FFC Cambridge process also has the 
potential to be converted into a continuous process which will give significant benefits over 
the current batch processes. 
Beta titanium alloys form one of the most versatile classes of materials with respect 
to processing, microstructure and mechanical properties. These alloys are used in the 
aerospace industry, power plants, sporting goods, automotive industry and orthopaedic 
implants. The two beta titanium alloy systems considered in this thesis, namely Ti-W and 
Ti-Mo, have significant potential for use as an orthopaedic implant material. Titanium alloys 
are particularly suited to orthopaedic applications due to their excellent corrosion resistance, 
low elastic modulus and high specific strength. For these reasons commercial purity titanium 
and Ti-6A1-4V have been previously used. However, Ti-W and Ti-Mo both offer a further 
reduction in elastic modulus and improved biocompatibility over their predecessors. 
The goal of this thesis is to provide the reader with a comprehensive understanding 
of the electrochemical reduction of mixed metal oxides to form beta titanium alloys. The two 
alloy systems Ti-Mo and Ti-W were chosen to demonstrate the process for a common beta 
alloying element addition and an extremely difficult beta alloying element, respectively. By 
conducting these experiments a new understanding of the reduction of TiO2 was formulated 
and is discussed. 
The work described in this thesis is divided into seven chapters: Chapter 1 gives an 
introduction to the titanium and the FFC Cambridge process. Chapter 2 provides the reader 
with a thorough assessment of FFC Cambridge process, materials formed via the process, 
the electrolyte used and the titanium based phases formed during reduction. The 
experimental methods and apparatus used during this study are discussed in Chapter 3. 
Chapters 4 and 5 detail the electrochemical formation of Ti-15Mo and Ti-10W alloys. These 
two chapters include XRD and SEM analysis of several partial reductions. Chapter 6 
discusses the new understanding of the reduction of Ti02, gained through this study. The 
implications for TiO2 thin-film and micro-cavity electrode experiments are detailed. The 
study is concluded and recommendations for future work given in Chapter 7. 
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Several publications have arisen from the work presented in this thesis; 
• Data from Chapter 4 was published in: Bhagat, R., Jackson, M., Inman, D., 
Dashwood, R., J. Electrochem. Soc., 155, pE63-E69 (2008). 
• Data from Chapter 5 is currently under consideration at the Journal of 
Electrochemistry Society. 
• The new interpretation of the reduction mechanisms for the reduction of 
TiO2 thin films, explained in Chapter 6, was published in: Dashwood, R., 
Jackson, M., Dring, K., Rao, K., Bhagat, R., Inman, D., in Ti-2007, Ninomi, 
M., Akiyama, S., Ikeda, M., Hagiwara, M. Maruyama, K., p59-65, The 
Japan Institute of Metals, Japan (2007) 
• Dring, K., Bhagat, R., Jackson, M., Dashwood, R., Inman, D., in Ti-2007, 
Ninomi, M., Akiyama, S., Ikeda, M., Hagiwara, M. Maruyama, K., p95-98, 
The Japan Institute of Metals, Japan (2007) 
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Chapter 2 Literature Review 
2.1 FFC Cambridge Process 
2.11 TiO2 Thin Films 
The FFC Cambridge process was discovered by Chen et al. [1] in 2000, while 
attempting to reduce thermally grown TiO2 films on a titanium foil substrate. This was 
achieved by polarising the foil versus a graphite anode in a molten calcium chloride 
electrolyte, which facilitated ion exchange. The voltammogram of the reduction (Figure 
2.01) showed several electrochemical reduction events taking place. The points 4, 4', 8 and 
8' are the points at which the current increases continuously, thus 4 and 4' were attributed to 
the deposition of calcium, while 8 and 8' were attributed to the dissolution of titanium. It 
was discovered that points 3, 3', 6 and 6' were related to the reduction and oxidation of 
titanium, while point 5 and 5' were the counterpart to the disposition of Ca2+ (4 and 4'). 
Points 1 and 2 were attributed to the electrochemical reduction of Ti02. Subsequently the 
reduction of 5-10 mm diameter TiO2 pellets to form titanium metal was achieved using the 
apparatus described in Figure 2.02. 
Figure 2.01 Cyclic voltammogram of titanium foils in CaC12 (a) thermally grown TiO2 on a 
titanum foil and (b) as-received titanium foil. Voltammograms were obtained at 10 mV s-1  
and 800°C [1] 
In 2001 [2] the same group successfully reduced a case on Ti-6A1-4V foil. From 
this study a number of interesting conclusions were made: First, it was found that a pre-
electrolysis step improved the condition of the electrolyte by electroplating impurities onto a 
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rod (that is subsequently removed from the cell) and removing moisture content. Secondly, 
they discovered that the type of crucible influenced the reduction. It was found that titanium 
crucibles acted as a powerful oxygen getter, reducing the partial pressure of oxygen above 
the electrolyte, thus improving reduction. However the formation of titanium oxide near the 
electrolyte would lead to the formation of oxo-acids, resulting in titanium dissolution into 
the electrolyte. It was found that when using alumina crucibles, reduction seemed to stall 
after the initial formation of titanium. Based on thermodynamic data it was theorised that 
alumina came into contact with the titanium of the sample resulting in the chemical 
reduction of the alumina. Graphite and stainless steel crucibles were also tested and found to 
be suitable, however the issues of carbon and iron contamination were not discussed. 
Figure 2.02 A schematic of the FFC Cambridge reduction cell used by Chen et al. [1] for the 
reduction of TiO2 pellets 
In 2002, Chen et al. [3] investigated the reduction of thermally grown TiO2 scales on 
titanium bars (5 x 4 x 2 mm and 5 x 4 x 4 mm). The voltammograms obtained from these 
reductions revealed that three electrochemical events had taken place at potentials lower than 
the deposition of Ca24 . Two of these events were attributed to reactions (2.01) and (2.02), 
while it was found that Ti203 disproportionated to TiO and Ti02. The phase CaTiO3 was 
also observed. 
2TiO2 + 2e = Ti203 + 02- 	 (2.01) 
TiO + 2e = Ti[O] + 02- 	 (2.02) 
At Imperial College London similar experiments were conducted on thin-films (10 
gm thick) of Ti02, which were thermally grown on 3 mm commercial purity titanium rod. 
Dring et al. [4] conduct cyclic voltammetry on the thin-film TiO2 using a titanium quasi 
reference electrode. Unfortunately the equilibrium potential reference electrode is not fixed 
and is dependent on a number of variables including the local oxide activity. Unfortunately 
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these voltammograms cannot be quantitatively compared to an electrochemical 
predominance diagram (§2.12). The TiO2 voltammogram shows that the five cathodic 
reaction events C4, C3, C2, Cl and CO have occurred. The products after each reaction event 
were identified using a combination of XRD and SEM analysis. C4, C3, C2 and Cl were 
identified as the sequential reductions of TiO2 seen in reactions (2.03) to (2.06) respectively. 
CO was believed to be a result of the deposition of Ca2+(reaction (2.07)) from the electrolyte. 
Based on these reduction events Dring [5] readjusted the x-axis to potential vs. Ni2+/Ni 
reference electrode (§3.42) and is shown in Figure 2.03. The two anodic events observed 
were not identified, however it is likely that they are the anodic analogues to Cl and C2. 
Additionally, during the investigation significant quantities of CaTiO3 were detected 
throughout the reduction process. This is believed to form chemically via reaction (2.08), 
thus not producing an electrochemical event on the voltammogram. 
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Figure 2.03 Cyclic voltammogram of a TiO2 thin-film in CaC12 obtained at 50 mV s-1 and 
900°C (redrawn from Dring et al. [5]) 
3TiO2 + 2e =11305 + 02- 	 (2.03) 
2T1305 + 2e = 3Ti203 + 02" 	 (2.04) 
Ti203 + 2e = 2TiO + 02" 	 (2.05) 
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TiO + 2e" = Ti + 02" 	 (2.06) 
Ca2+ +2e = Ca 	 (2.07) 
CaO + TiO2 = CaTiO3 	 (2.08) 
When examining C2 more closely in Figure 2.03 a slight inflection can be observed, 
which indicates C2 may comprise of more than one peak. A more recent voltammogram 
(Figure 2.04) published by Dashwood et al. [6] shows that C2 can be resolved into two 
peaks. The first of the two peaks was identified as the reduction of CaTiO3 to TiO via 
reaction (2.09) and labelled C2'. 
CaTiO3 + 2e = TiO + CaO + 02" 	 (2.09) 
Potential [V vs Ni7'i Ni ngerence) 
Figure 2.04 Cyclic voltammogram of a TiO2 thin-film in CaC12 obtained at 50 mV s' and 
900°C [6] 
There are two published models that describe the electrochemical reduction of thin-
film metal oxide, Deng et al. [7] and Kar et al. [8]. In 2005, Deng et al. published a reduction 
model involving the concept of a three-phase interline (3PI). As shown in Figure 2.05, the 
model suggests that reduction commences where an electrochemically inert solid metal 
phase meets a solid compound phase (which is an electronic insulator but electrochemically 
active) and a liquid electrolyte phase, capable of transporting the oxide away. While this 
description of the reduction conditions required for reduction is satisfactory when applied to 
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the reduction of a metal oxide insulator, it is not adequate for the reduction of a conductive 
metal oxide such as TiO2. The author believes the model can be modified to accommodate 
conductive metal oxides by changing the criteria for reduction to a supply of electrons, a 
means to remove oxide ions from the vicinity and a reducible metal oxide. This model is 
believed to account for the surface metallisation of pellets, which results in similar current-
time plots for the reduction of several other metal oxides, described in §2.15. 
Figure 2.05 Schematic representation of the three phase interline model, connecting a solid 
metal phase (SMP), a solid compound phase (SCP) and a liquid electrolyte phase (LEP) [7] 
The three phase interline theory can be applied to the reduction of thin-films. Thin-
film Si02-W electrodes (Figure 2.06) were placed in CaC12 and reduced. As predicted by the 
3PI model, reduction initiated in the metal oxide adjacent to the both the electrolyte and the 
tungsten wire. Reduction then proceeds along the surface of the electrode. Once the surface 
is reduced, the reduction front proceeds inward. 
itet 
titttc 
Figure 2.06 Reduction of SiO2-W electrodes showing reduction via the three-phase interline 
model 
When applying the 3PI model to the reduction of thermally grown TiO2 thin films 
the requirements for reduction must be altered to account for the conductivity of TiO2. In 
addition, the titanium substrate is completely engulfed in TiO2 and without electrolyte 
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penetration into the layer leads to a lack of an identifiable 3P1. Thus the model can be altered 
so that for reduction a supply of electrons, metal oxide and a medium to accept oxide ions 
from the reduction is required. Considering the conductivity of Ti02, electrons can be 
supplied to the thin film surface when reduction takes place. Oxide removal is facilitated by 
the surrounding electrolyte. 
Kar and Evans [8] modelled the first two reaction events C4 and C3 based on the 
voltammograms conducted by Dring et al. [4]. By only considering the first two reaction 
events the issues of CaTiO3 formation and significant changes in porosity as a result of 
reduction were avoided. Figure 2.07 shows the phases present during the reduction event C4. 
The non-stoichiometry of the phases was also considered, where the concentration of 02" in 
TiO2 was denoted as C10, the lowest stoichiometry of TiO2 was CIL, the highest 
stoichiometry of Ti305 was C20 and the equilibrium between the electrolyte and Ti305 as C2L. 
This gives rise to an 02- concentration gradient seen in Figure 2.08. Thus the rate limiting 
step is most likely the diffusion of oxygen through the newly formed Ti305 layer. 
Direction of interface movement 
40. 
Of the order of a few microns 
Figure 2.07 Schematic of the phases present during reduction [8] 
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Figure 2.08 Kar and Evans model of the first two reduction events C4 and C3 [8] 
A key assumption made during the conception of this model was that the flux of 
oxide entering the reduced layer (i.e. Ti305, Ti203 or TiO) equalled the flux leaving the 
reduced layer. The reason being that the reduced layer would only accommodate the amount 
of oxide that had exited to the electrolyte. However, when metal oxides are exposed to low 
partial pressure oxygen environments they equilibrate (§2.22). Thus the flux entering the 
metal oxide does not have to necessarily equal the flux of oxide leaving. While not of critical 
importance when considering reaction events C4 and C3, as Ti305 and Ti203 have narrow 
homogeneity ranges. However when considering the reduction of thin layers of CaTiO3 or 
TiO which both have large homogeneity ranges the model will not adequately function. 
2.12 Electrochemical Predominance Diagrams 
Electrochemical predominance diagrams are analogous to Ellingham diagrams, but 
based on p02" instead of pH. These diagrams, built on thermodynamic data, have helped to 
improve the understanding of the reduction of metal oxides in CaC12. The approach first 
pioneered by Littlewood [9] has been used to understand the reduction of TiO2 in CaC12. 
Figure 2.09 is an example of an electrochemical predominance diagram for TiO2 in CaC12 at 
900°C, constructions of such a diagram can be found in Dring et al. [10]. The left axis of the 
diagram is the electrode potential, zero is set at the potential where the electrolyte oxidises to 
C12. The bottom limit of the diagram is the potential at which the electrolyte is reduced to 
Ca. Thus this potential range represents the electrochemical window in which the electrolyte 
is stable. The bottom axis is p02", which is the —log[a02-], thus a low p02- indicates high 
levels of 02" in the electrolyte and vice versa. 
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Figure 2.09 Electrochemical predominance diagram for TiO2 in CaC12 at 900°C 
Additional information can be added to the diagram, including; the equilibrium 
partial pressure of oxygen above the electrolyte (green dotted lines), the electrode potential 
of the Ni2+/Ni reference electrode (red dotted line), the potential for the formation of CO or 
CO2 (blue line) and sub-unit activity formation of Ca (orange dotted lines). 
From such a diagram the following can be inferred: 
Anodic processes: In this system one of four anodic processes can be taking place 
and are described in reactions (2.10) to (2.13). The electrochemical predominance diagram 
(Figure 2.09) shows that while using a carbon anode in the FFC Cambridge Process, it is 
very difficult to form C12. This is because the formation of Cl2 (via reaction (2.10)) does not 
become thermodynamically favourable over the formation of CO2 or CO (via reactions 
(2.12) and (2.13)) until the activity of 02" is approximately 1x10"'7 or less. If some type of 
inert anode is used then the formation of 02 (via reaction (2.11)) is thermodynamically 
favourable from 02" unit to approximately 1x10-7 activity. Once the activity of 02" is below 
1x10"' then Cl2 formation becomes more favourable, as such C12 evolution is a concern when 
using an inert anode. It is also the case that a carbon anode would require less energy to 
operate compared to an inert anode. This is because a lower overall cell voltage is required 
when forming CO or CO2 as opposed to forming oxygen or chlorine. 
2CF = c12 + 2e 
	
(2.10) 
02" = 0.502 + 2e- 
	
(2.11) 
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C + 	= CO + 2e- 	 (2.12) 
0.5C + 02- = 0.5CO2 + 2e- 	 (2.13) 
Sub-unit activity species: As observed with calcium, when a species is soluble in the 
electrolyte it is possible to form sub-unit activities of the species. In the case of Ca this 
means that as more negative potentials are reached the efficiency of the reduction is reduced 
as (i) increasing Ca content increases the conductivity of the electrolyte (ii) a percentage of 
the current applied is going towards the reduction of the electrolyte as opposed to reduction 
of oxides. In the case of metal oxychlorides and chlorides (which are soluble in the 
electrolyte) sub unit activity formation would result in an extension of the stability field, 
which could mean the formation of a particular phase is more likely than indicated in the 
electrochemical predominance diagram. 
2.13 TiO2 Micro-Cavity Electrodes 
Molybdenum metal-cavity electrodes first pioneered by Cha et al. [11] were used to 
conduct electroanalytical experiments on a hydrogen storage alloy. Eleven years later Qiu et 
al. [12] adapted the technique to work in the FFC Cambridge reduction using milligrams of 
NiO and Cr2O3. In 2008 Qiu et al. [13] used micro-cavity electrodes to study the reduction 
behaviour of Nb205. Using this technique they obtained voltammograms for the reduction of 
these oxides. Rao et al. [14] used this technique to obtained voltammograms (Figure 2.10) 
for the reduction of sub-micron Ti02, Ti305, Ti203, TiO and CaTiO3 powders. Due to the 
nature of the experiment, XRD analysis was not possible, thus the individual peaks were 
identified qualitatively by comparing the voltammograms of the lower titanium oxides and 
recording which reaction events disappeared. E.g. When Ti305 was reduced the reaction 
event C4 was not observed thereby it was concluded that C4 was related to the reduction of 
TiO2 (reaction (2.03)). 
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Figure 2.10 Cyclic voltammograms of various titanium oxide filled micro-cavity electrode 
in CaC12 obtained at 10 mV and 900°C (adapted from Rao et al. [14]), where the micro-
cavity electrode is loaded with (a) empty, (b) Ti02, (c) Ti305, (d) Ti203, (e) TiO and (f) 
CaTiO3 powder. Where 'X' marks an anomalous peak. 
Using this technique Rao et al. confirmed the reduction pathway proposed by Dring 
et al. and Dashwood et al.. C2', which is associated with the reduction of CaTiO3 appears in 
several of the voltammograms in Figure 2.10. The potential at which C2' was observed in 
the voltammograms was more negative then the potential at which ex-situ CaTiO3 reduced 
(Figure 2.10f). The explanation given was that the in-situ formed CaTiO3 was a thin surface 
layer on the particles while the ex-situ CaTiO3 loaded into the micro-cavity electrode was a 
particulate, thus more negative potentials would be required to achieved the same surface 
potential. This explanation is questionable, given the conductivity (§2.227) and the size (44 
am) of the CaTiO3 powder used, it is not believed sufficient potential drop would occur to 
account for the 150 mV change in peak potential. 
When comparing the voltammograms obtained from the TiO2 thin films and the 
TiO2 filled micro-cavity a number of interesting artefacts and discrepancies can be observed. 
Firstly, in theory the relative peak heights for each voltammogram should be identical, 
though this clearly not the case. Secondly, one additional peak after C1 (labelled "X") was 
observed, which the researcher did not comment on despite it being present in each 
published voltammogram for the lower oxides. It is interesting to speculate that this event is 
associated with transformation of a to Ti and as such is a kinetic effect, associated with the 
increase in oxygen diffusion, as opposed to a thermodynamic effect. 
A concern regarding the use of molybdenum as the microelectode material is 
illustrated in Figure 2.11. This electrochemical predomiance diagram shows the behavior of 
molybdenum in CaC12 and it clearly shows that molybdenum is not inert above 
Chapter 2 	 Literature Review 	 25 
MoO3 (I) 
. .11.-"atm 
i2'/Ni 
10-.atm 0: 
3.1500 - 
.1-1750 
-2000 
-2250 - 
-2500 
a. 
'8.-2750 
-3000 
CO 
co CaMoO3 
........ ^ .... 
........ 	
.. 
.... 
.. 	10-oatm 0 
10 -5'atin 02 
... 1045atm 02 
-250 - 
-500 - 
-750 
FJ.-1000 - 
`6.1250 - E C.4 
Ca (I) 
......  
-3250 
-3500 
approximately -2000 mV. Thus when molybdenum is placed in CaCl2 and polarised, as was 
done by Rao et al., it is probable that some oxidation of molybdenum to molybdenum oxide 
and then subsequent reduction occured. This most likely accounts for the reaction events 
between -750 and -1000 mV seen in Figure 2.10. 
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Figure 2.11 The electrochemical predominance diagram for molybdenum in CaC12 at 900°C 
2.14 TiO2 Pellet Reductions 
Schwandt et al. [15] studied the FFC Cambridge reduction of TiO2 pellets. To form 
these pellets dried TiO2 was mixed with 1.5 % (by mass) of organic binders, the mixture was 
then dried and wet milled with iso-propanol for 24 h. The powder was dried, sieved, 
uniaxially pressed and finally isostatically pressed. The precursors were then sintered at 
1100°C in air for 2.5 h. The sintered precursors had a diameter of 23 mm with mass ranging 
from 4.0 to 16.0 g with open porosity of 25-30%. The samples were reduced in three stages; 
initially the cell voltage was set to 2.5 V for 8 h, the voltage was then increased to 2.7 V for 
24 h and finally the voltage was raised to 2.9 V indefinitely. A number of partial reductions 
were completed, ranging from 0.5 to 120 h with results presented for 0.5, 1.0, 2.5, 4.0, 12.0, 
52.0 and 120 h of reduction. SEM and XRD analysis was used to identify the phases present 
after each successive time-step. From these observations a reduction pathway was proposed, 
which is described in reactions (2.14) to (2.20). It was thought that the theoretical mass 
change associated with these reactions coincided well with experimentally measured values. 
	
5TiO2 + Ca2+ + 2e" = 11407 + CaTiO3 	 (2.14) 
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4Ti407 + Ca2+ + 2e- = 511305 + CaTiO3  (2.15) 
3Ti305 + Ca2+ + 2e = 4Ti203 + CaTiO3  (2.16) 
2Ti203 + Ca2+ + 2e = 3TiO + CaTiO3  (2.17) 
CaTiO3 + TiO = CaTi2O4  (2.18) 
CaTi2O4 + 2e = 2TiO + Ca2+ + 202" (2.19) 
TiO + 2(1-y)e- = Ti[O]y + (1-y)02" (2.20) 
However, when examined more closely there are several issues with the analytical 
rigour and proposed reduction pathway. As shown by several reasearch groups, the 
reduction of precursors occurs in layers with multiple reactions coinciding. Thus the 
measured mass change after any time-step is the result of a combination of reactions. 
Several of the reactions proposed in this reduction pathway involve the oxidation of 
the titanium ion to a four plus state in CaTiO3. It is strange that this oxidation would take 
place while the metal oxide was under reducing potentials. However, this point is not 
considered by Schwandt et al. 
The counterpart of these reactions taking place at the anode could either be the 
formation of chlorine or carbon dioxide or carbon monoxide. Schwandt et al. [15] observed 
the release of chlorine, during the first stage of reduction, by passing the off-gas stream over 
a silver nitrate solution and identifying silver chloride precipitates. Even though the Ca2+ 
deposition potential is the same for CaC12 and CaO, the overall cell voltage required for the 
deposition of Ca2+ from CaO is lower. Thus chlorine would only form in absence of CaO in 
the electrolyte. However the quantities of CaO present at the start of reduction was measured 
to be approximately 1.0 mol %. Given that surface metallisation occurs it is likely that 
reactions (2.19) and (2.20) are active, in which case the CaO content of the electrolyte would 
increase. Thus there are two explanations for how chlorine evolution was achieved. Firstly, 
all the CaO had been reduced in the pre-electrolysis stage to metallic calcium or secondly, 
all present CaO chemically reacted with the TiO2 to form CaTiO3 via reaction (2.21), thus in 
the absence of 02- in the electrolyte the only possible anodic process to take place initially is 
reaction (2.10). Alternatively the anode could possibly be plated with a phase making it 
inert, thus either oxygen or chlorine evolution would take place. Considering the conditions 
present at the anode, chlorine evolution would become more likely (§3.41). 
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TiO2 + CaO = CaTiO3 	 (2.21) 
A current-time plot for the reduction of an 8 g TiO2 pellet with a diameter of 23 mm 
is shown in Figure 2.12. Schwandt et al. corresponded the products, as determined by XRD 
analysis, with the current-time plot. Schwandt et al. and Alexander et al. described the shape 
of the curve as follows. The initial current peak is associated with a fast reaction associated 
with the uptake of calcium ions denoted by reactions (2.14) to (2.17). However it was 
believed that the formation of CaTiO3 and Ti203 in reaction (16) was marked by a significant 
decrease in current as the following reduction to TiO and CaTiO3 occurs at a much slower 
rate. Alexander et al. describes the crystallographic transformations from TiO2 to Ti203 as 
relatively easy, while the change from Ti203 to TiO is described as difficult, requiring a 
crystallographic reconstruction (§2.22). Thus the reduction from Ti203 to TiO occurs slowly. 
However, there are several issues with the explanation of the shape of the current-time plot. 
The XRD analysis is relatively insensitive, thus possibly there are other phases present that 
were not detected, thus it is possible that reactions could be initiating earlier then indicated 
in Figure 2.12. If the difficult transformation of Ti203 and CaTi2O4 to TiO is responsible for 
the low current respone than one would expect the current to rise for the easier transfomation 
from TiO to titanium, since this is not observed it is questionable that the low current 
response is a result of difficult crytallographic transofmrations. According to the current-
time plot the greatest reduction in current occurs before the formation of Ti203. Once Ti203  
has formed the reduction in current appears to be comparatively minimal, therefore the 
presumption that the reduction of Ti203 to TiO and CaTiO3 results in a low current response 
is questionable. 
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Figure 2.12 Current-time plot for the reduction of an 8 g TiO2 pellet with a diameter of 23 
mm [15] 
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2.15 Mixed Titanium Oxide Based Reductions 
Ma et al. [16] reduced 2 g pellets of natural and synthetic ilmenite (FeTiO3) to FeTi 
in 4 h as shown in Figure 2.13. This relatively quick reduction time can be attributed to the 
molybdenum mesh which encased the sample, effectively increasing the electro-active area 
of the pellet. The reduction is summarized in reactions (2.22) to (2.24). Reaction (2.22) was 
thought to be the rapid chemical formation of iron, most likely triggered by the presence of 
calcium from either the reduction of CaO or CaC12, this resulted in a release of oxide into the 
electrolyte in the vicinity, which would result in a localised shift to the left hand side of the 
electrochemical predominance diagram thus favouring the formation of CaTiO3. Reaction 
(2.23) can be re-written as reaction (2.25) and (2.26) shows the reduction of CaTiO3  
occurred, most likely via reaction (2.08), followed by the homogenisation of the formed 
titanium with surrounding iron. 
FeTiO3 + Ca21 + 2C = Fe + CaTiO3 	 (2.22) 
CaTiO3 + Fe + 4C = TiFe + Ca2+ + 302- 	 (2.23) 
TiO2 + Fe + 4e- = TiFe + 202- 	 (2.24) 
CaTiO3 + 4C = CaO + Ti + 202- 	 (2.25) 
Fe + Ti = FeTi 	 (2.26) 
Figure 2.13 The current—time plots for electrolysis of pellets of FeTiO3 without (solid line) 
and with (dashed line) 4.46 wt% NiO in CaC12 at 3.0 V and 900 8C. Both pellets were 2.0 g 
in weight, —2.0 cm in diameter and —45% in porosity. The insert is the photograph of a 
FeTiO3 pellet wrapped in molybdenum mesh [16] 
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Zhu et al. [17] reduced NiO-TiO2 sintered precursors in CaC12 at 900°C. The 
precursors were sintered at an undisclosed high temperature, thus it is highly likely that the 
precursors were NiTiO3 as reaction (2.27) has a negative free energy (HSC Chemistry). The 
sintered precursors were reduced using a constant voltage of 3.1 V, the current-time plot for 
this reduction can be seen in Figure 2.14. Once reduced a mixture of Ni3Ti and NiTi was 
formed indicating some loss of titanium during the reduction process. The reduction 
pathway was speculated upon and was thought to proceed as follows: 
• After 12 mins of reduction the main product in the sample was nickel and CaTiO3. It 
was believed that the first step in reduction was the rapid formation of nickel. The 
formation of nickel would undoubtedly result in the large scale release of 02". This 
release, which would lead to a shift to the left had side of the electrochemical 
predominance diagram (Figure 2.09) that would augment the chemical formation of 
CaTiO3 via reaction (2.28). 
• After 40 mins of reduction Ni3Ti, CaTiO3 and CaO were observed. The presence of 
CaO was thought to be a result of the reduction of CaTiO3 in closed porosity where 
the solubility of CaO in the electrolyte was exceeded. After 1 h of reduction, NiTi, 
Ni3Ti, CaTiO3 and CaO were observed, which shows some homogenisation of Ni3Ti 
is taking place. 
• After 2 h of reduction NiTi, Ni3Ti and CaTiO3 were observed. It is believed that the 
reduction of CaTiO3 eventually leads to an increase in porosity, resulting in 
increased electrolyte penetration, which in turn leads to the dissolution of CaO. 
• After 4 h of reduction NiTi and Ni3Ti were observed. At longer reduction times (6 h 
and 8 h) the ratio of NiTi to Ni3Ti increased. This indicates that while reduction is 
possibly complete after 4 h, the sample requires another several hours at 900°C to 
homogenise. 
NiO + TiO2 = NiTiO3 	 (2.27) 
Ca2+ + TiO2 + 02" = CaTiO3 	 (2.28) 
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Figure 2.14 Current-time plots for the formation of NiTi. Reduced in CaC12 at 900°C using 
a cell voltage of 3.1 V for 12 h 
These works demonstrate that it is possible to form homogenous titanium alloys 
with 13 Ti stabilising elements in a solid-state electrochemical process, thereby avoiding 
segregation issues experienced during liquid melt stage processing. 
2.16 Other Metal Oxide Reductions 
In 2004 Jin et al. [18] formed 1-3 gm silicon particles, which are industrially 
produced using a carbothermic route, by electrochemically reducing a W-Si02 electrode at 
850°C. The electrode was manufactured by sealing a 300 gm tungsten wire in a quartz tube 
using a gas flame. The bottom was then ground to reveal the tungsten wire. It was believed 
that reduction commenced at the boundary between the conductor, oxide and electrolyte. It 
was concluded that the reduction of Si02 to silicon was easier than the reduction of TiO2 to 
titanium because unlike silicon, titanium metal must have a significant quantity of oxygen 
removed from solution. 
In 2004 Chen et al. [19] reduced Cr203 to chromium in CaC12 at 950°C. Prior to 
sintering, the precursors were 6 mm thick with a diameter of 9 mm. The precursors were 
then sintered at 1450°C for 1 h and some shrinkage (1 mm in diameter) was observed. The 
sintered precursors were then reduced with a constant applied voltage (2.7 to 2.8 V). It was 
found that the reduction was a one step reduction from oxide to metal, though significant 
amounts of calcium chromate were formed during reduction. In addition, the reduction, 
which was believed to occur via three phase boundaries, resulted in the formation of surface 
layers, as shown in Figure 2.15. In Figure 2.15a the first material to reduce is the oxide in 
contact with the current collector. Once this material has been reduced it becomes 
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conductive, thus the oxide adjacent to the newly reduced material is the next to reduce. This 
continues (as seen in Figure 2.15b, c and d) until the entire precursor has a metallic surface 
layer. It is reasonable to assume that these events will occur for any metal oxide where the 
metal is significantly more conductive then the oxide. 
Figure 2.15 Schematic of a cross-section of a sintered precursor during reduction, showing 
the formation of surface layers due to reduction at the boundary between conductor, oxide 
and electrolyte. (a) to (d) further into the reduction process [19] 
It was suggested by Chen et al. [20] that the current-time plots for the reduction of 
oxide precursors via the FFC Cambridge process occurred in a similar way for all metal 
oxides. Examples of current time plots for TiO2 and Cr203 can be seen in Figure 2.16, the 
main characteristic of these plots is the initial current peak and a characteristic plateau. As 
surface metallisation proceeds the boundary area where the oxide, conductor and electrolyte 
are in contact continually increases, as seen in Figure 2.15a, 6b and 6c. Eventually the 
boundary area begins to decrease as further reduction of oxide takes place. As illustrated in 
Figure 2.15d, this results in the initial current peak. The current following this peak is 
associated with the reduction of the interior oxide of the sintered precursor. The current-time 
plot shows that the current gradually decreases in the case of Ti02, whereas in the case of 
Cr203 there is a sharp decrease in the current at approximately 270 mins. It is believed that 
this phenomenon is due to the nature of the Ti[O] and Cr[O] solid solutions. Titanium can 
accommodate large amounts of oxygen in solid solution, whereas chromium has little or no 
solubility for oxygen. As a result once reaction (2.29) takes place, no further reduction 
occurs, unlike in the case of titanium where reduction continues to proceed. If this is 
accurate, then it can be regarded as evidence that further deoxidation of the titanium occurs 
via a direct ionisation rather than reduction by calcium formed from the reduction of CaO or 
CaC12, as the latter would continue to occur regardless of the oxygen content of the metal. 
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Figure 2.16 Current-time plots for the reduction of TiO2 and Cr203 sintered precursors. 
Reduced in CaC12 at 800°C using a cell voltage of 3.1 V [20] 
Cr203 + 6e = 2Cr + 302- 	 (2.29) 
In 2007 Wu et al. [21] formed tantalum from Ta205 in CaC12 at 1123K using a 
constant potential of -0.9 V against a Ag2+/Ag reference electrode for 5 h. Several 
experiments were conducted at lower voltages to ascertain the reduction pathway. The 
current-time plots for these reductions are shown in Figure 2.17. Wu et al. identified several 
phases in the lower potential experiments namely TaO, Ta, Ca2Ta4010 and CaTa2O5. 
However these lower potential experiments do not truly represent the evolution of phases 
when a constant potential of -0.9 V is applied. It would have been more appropriate had 
experiments all taken place at -0.9 V, but for varied reduction times. It was concluded that 
the initial step in reduction was the formation of calcium tantalite followed by reactions 
(2.30) and (2.31). Suzuki et al. [22] formed tantalum via the calciothermic reduction of 
Ta205 using a molten CaC12 with excess calcium metal present. 
CaTa2O5 + 4e" = 2TaO + Ca2+ + 302- 	 (2.30) 
Ta0 + 2e- = Ta + 02- 	 (2.31) 
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Figure 2.17 Current-time plots showing the first 40 minutes of reduction for a 1.7 g Ta205  
pellets with a diameter of 20 mm, pellets were reduced at different reduction voltages in 
CaCl2 at 850°C [21] 
In 2008, Qiu et al. [13] reduced 2 g Nb203 pellets with a diameter of 19 mm using 
constant voltage electrolysis in CaC12 at 850°C. Pellets were reduced at different voltages for 
1 h and 12 h and the phases identified using XRD. The current-time plots for the reduction 
of these pellets is shown in Figure 2.18. It was concluded that the reduction proceeds from 
Nb205 to Nb02 to NbO and finally niobium. The formation of calcium niobates such as 
CaNb206, CaNbO3 and Ca095Nb306 was also observed. Unfortunately, as with the work of 
Wu et al. constant voltage experiments at lower voltages do not give a truly representative 
view of the reduction process. Suzuki et al. [23] formed niobium with the calciothermic 
reduction of Nb205 using a molten CaC12 with excess calcium metal present. 
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Figure 2.18 Current-time plots for the reduction of 2 g Nb205 pellets with a diameter of 19 
mm , pellets were reduced for 12 hat different reduction voltages in CaC12 at 850°C [13] 
When comparing the various time plots for the different systems in this section, it 
becomes apparent that there is a common reduction behaviour for all the metal oxide 
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C 1.6V 
d 2.4V 
precursors, i.e. a current peak followed by a plateau. The explanation given by Alexander et 
al. [24] for the TiO2 system described in §2.14, while offering a possible alternative fails to 
explain the similar behaviour seen in other metal oxide systems. The surface metallisation 
phenomena accompanied by the three-phase interline theory (outlined in §2.11) offers a 
more cohesive view of the reduction of precursors. 
2.2 Materials 
2.21 CaC12 System 
CaC12 is a highly hydroscopic salt, of similar toxicity to NaC1, and is produced in 
abundance as a by-product of the Solvay process. It has several common applications 
including such as brine for refrigeration plants, ice and dust control on roads, and in cement. 
Because it is strongly hygroscopic, air or other gases may be channelled through a column of 
calcium chloride to remove moisture. In particular, calcium chloride is usually used to pack 
drying tubes to exclude atmospheric moisture from a reaction set-up while allowing gases to 
escape. It can also be added to liquids to remove suspended or dissolved water. The 
dissolving process is highly exothermic and rapidly produces temperatures of around 60 °C. 
In this capacity, it is known as a drying agent or desiccant. Aided by the intense heat evolved 
during its dissolution, calcium chloride is also used as an ice-melting compound. Unlike the 
more-common sodium chloride (rock salt or halite), it is relatively harmless to plants and 
soil. 
The absorption of water by CaC12 (at high temperature) results in the formation of 
hydrochloric and calcium oxide species via reactions (2.32) and (2.33). The formation of 
excess calcium oxide was believed to be unfavourable to the FFC Cambridge process, thus 
care was taken to prevent the uptake of moisture (§3.3). Moisture can be removed to a 
greater degree by passing HCl gas over the CaC12, which would shift the equilibra of 
reactions (2.32) and (2.33) to the left, thus resulting in the expulsion of moisture. 
CaC12 + H2O = CaO + 2HC1 	 (2.32) 
CaC12 +21-120 = Ca(OH)2 + 2HC1 	 (2.33) 
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The desired properties for an electrolyte for the FFC Cambridge process are (i) 
capacity to store 02" (ii) low electronic conductivity, (iii) good ionic conductivity, which is 
related to the chemical diffusion of oxygen ions and (iv) stability. 
CaC12-CaO 
To evaluate the capacity of CaCl2 to store 02" it becomes necessary to evaluate the 
CaO-CaC12 system. This phase diagram for the CaC12-CaO system was evaluated by three 
groups; Neumann et al. [25], Wenz et al. [26] and Perry et al. [27] in 1935, 1969 and 1985 
respectively. The phase diagram published by Wenz et al. is shown in Figure 2.19, which 
suggests that pure CaCl2 has a solidus and liquidus of 1025 K and 1050 K respectively. The 
main difference between Figure 2.19 and the diagrams published by both Neumann et al. 
and Perry et al. are that the latter believed a second eutectic to exists at approximately 21 
mol. % CaO and 1083 K. In addition there is some debate on the chemical formula of some 
of the solid phases. However, for the purposes of the FFC Cambridge process the pertinent 
detail is the solubility limit of CaO in CaCl2, upon which the researchers are agreed. CaCl2 
can accommodate up to 19-22 wt. % CaO at the operating temperatures (900-950°C) for the 
FFC Cambridge process. With the apparent high solubility of CaO in CaCl2 there will be no 
rate limiting of reduction due to inadequate oxide removal from the cathode during 
reduction. 
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Figure 2.19 Schematic of the CaCl2 rich corner of the CaC12-CaO phase diagram (redrawn 
from Wenz et al. [26]) 
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Ferro [28] determined the diffusion coefficient of oxide ions in CaO-CaC12 mixtures 
at 1073 to 1173 K to be equation (2.34). The reported chemical diffusion coefficient of oxide 
ions in CaC12 may not be accurate owing to several experimental artefacts. The MgO 
diaphragm may have been corroded due to the high acidity of the electrolyte, resulting in the 
accumulation of oxide in the anolyte, causing an overestimation of the diffusivity. With 
increasing calcium content the solubility of CaO in CaC12 is reduced and solubility directly 
affects diffusivity. It is also true that increasing CaO content increases the viscosity of 
CaC12, leading to reduced mobility, thus impacting diffusivity. Equation (2.34) gives 
approximately an order of magnitude greater oxide diffusion coefficient at 1123 K to that 
calculated by Mohamedi et al. [29] from voltammetry of CaO-CaC12. However, the 
discrepancy may be attributed to difficulty in resolving current peaks at low scan rates, the 
uncertainty of the charge transfer coefficient and possible stability of Ca-O-C1 complexes. 
— 6 x 104 
(m2 s-1 ) =1.2 x 10-6 exp o 	 RT 
 
(2.34) 
 
CaC12-Ca 
The solubility of calcium in calcium chloride at temperatures between 750 and 
950°C has been well characterised by several researchers. Ferro et al. [28] compiled the 
solubility data by Axler et al. [30] (Figure 2.20), which shows that the solubility varies from 
2.0 and 4.0 mol %. over this temperature range. 
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Figure 2.20 Solubility of calcium in CaC12 [28] 
CaC12-CaO-Ca 
There has been little study of the CaC12-CaO-Ca system, however Axler et al. [30] 
established the solubility of calcium and CaO in CaC12 at 1123 and 1173 K, as shown in 
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Figure 2.21. The interesting thing to note is that small decreases in the amount of calcium 
dissolved lead to significant increases in CaO solubility. 
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Figure 2.21 CaCl2 rich corner of the Ca-CaO-CaCl2 ternary phase diagram (redrawn from 
Axler et al. [30]) 
2.22 Titanium Oxides 
Titanium is capable of having 4+, 3+, 2+ valence state. This in turn results in a 
relatively complex Ti-O system (Figure 2.22), which has several compounds with broad 
compositional stoichiometry. In addition, there are several titanium oxides in which the 
titanium ions exist in more than one valence state, such as Ti407 and Ti305. The structure 
and electronic properties of these compounds are varied and are discussed in this section. 
Atomic Percent Oxygen 
Figure 2.22 Ti-O equilibrium phase diagram (redrawn from Murray and Wriedt [31]) 
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TiO2 
Five polymorphs of TiO2 exist; anatase, brookite (low-temperature and pressure 
forms), Ti02-11, Ti02-111 (high-pressure forms) and rutile. Rutile is the stable condensed form 
of TiO2 richest in oxygen, which is stable at all temperatures and ambient pressures. The 
other non-equilibrium low-pressure forms can be non-reversibly converted to rutile by 
heating to temperatures between 700 and 900°C. Indeed brookite and anatase are not stable 
at any temperature, and thus, do not appear on the Ti-O equilibrium phase diagram (Figure 
2.22). The rutile structure consists of rectilinear ribbons of edge sharing (Ti06) octahedra 
joined by corner sharing similar ribbons so that the orientations of adjacent ribbons differ by 
0.57c rad. The heavily outlined cell in Figure 2.23 is tetragonal, where every titanium ion is 
located in TiO6 octahedra. 
Figure 2.23 Clinographic projection of the rutile structure. Lightly outlined - TiO6 
octahedra, heavily outlined — tetragonal lattice. Dark ions — titanium, Light ions — oxygen 
The electrical conductivity is a combination of the electronic conductivity, i.e. 
conductivity from electrons and electron holes and ionic conductivity, i.e. conductivity from 
interstitials and vacancies. It appears that rutile at high temperatures is an amphoteric 
semiconductor exhibiting both n- and p-type properties at low and high oxygen partial 
pressures, respectively [32]. Nowotny et al. [33] measured the electrical conductivity of 
TiO2 with varying oxygen partial pressure at three different temperatures. The results are 
shown in Figure 2.24, which clearly shows the n- and p-type regimes to the left and right 
hand side of the diagram respectively. 
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Figure 2.24 Electrical conductivity vs. oxygen partial pressure for TiO2 [34] 
N-type behaviour refers to a situation where the concentration of electrons is larger 
than that of electron holes. Electrons may be imparted to TiO2 by both intrinsic and extrinsic 
effects. Intrinsic effects can be explained by two models, oxygen vacancy formation 
(Schottky-type defect disorder) and titanium interstitial formations (Frenkel-type defect 
disorder), both resulting in n-type behaviour. The oxygen vacancy model explains the 
creation of singly or doubly-charged oxygen vacancies by equation (2.35) and (2.36) 
respectively. In this case, the non-stoichiometry of rutile can be given by TiO2.,, where x is 
given in equation (2.37). The titanium interstitial model stipulates that the apparent deficit in 
oxygen is the result of the formation of titanium interstitials in the lattice, formed by 
equations (2.38) and (2.39). Herewith, the non-stoichiometry of rutile can be described by 
Tii,y02 where y is given in equation (2.40). In practice, both phenomena take place, thus the 
correct chemical formula for rutile is given by Ti l +y02.x. As a result the conductivity of TiO2 
can be increased by exposing it to lower partial pressures of oxygen (Figure 2.25), which 
once equilibrated increases the number of oxygen vacancies. 
00  
00 
<---> 
<—> 
1 —
2
0 + Vo.  + e ' 
— 02 +V; + 2e I 
(2.35) 
(2.36) 
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x=VA147;] 	 (2.37) 
Tin + 200 H Ti ,4+ +02 + 4e1 	 (2.38) 
Tin +200 <--> 	+02 +3e' 	 (2.39) 
Y 
= fi 
+ IF be+ 	 (2.40) 
Where, e` I is a quasi free electron 
Ti p, is a titanium ion in a titanium site 
00 is an oxygen ion in an oxygen site 
Ti is a titanium interstitial 
n type 	 p type 
n-0 transition 
log p(O2) 
Figure 2.25 Schematic of the electrical conductivity vs. oxygen partial pressure for TiO2 
A p-type behaviour refers to a situation where the concentration of electron holes is 
greater than that of electrons. This situation arises intrinsically while TiO2 is under 
extremely oxidizing conditions or high partial pressure oxygen, where the lattice is 
considered to be perfect, i.e. where no intrinsic defects exist. In these circumstances, the 
concentration of electron holes can be higher than that of electrons. In this case the 
electronic conductivity begins to rise as seen in Figure 2.25. The presence of electron holes 
can also be explained by the formation of titanium vacancies from either Schottky or Frenkel 
reactions seen in (2.41) and (2.42), where (2.41) represents the creation of a titanium and an 
oxygen vacancy and reaction (2.42) represents the creation of a titanium vacancy and a 
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0 
titanium interstitial from a titanium ion. At lower temperatures, the mobility of titanium 
vacancies is low, such that these defects can be considered to be quenched, thus equilibrium 
is achieved. However, at higher temperature the high mobility of titanium vacancies means 
equilibrium is not achieved. The mobile titanium vacancies are responsible for the 
incorporation of extrinsic impurities into the lattice. 
nil <=> V;.,(1 +2V0 	 (2.41) 
//// <=> TiV + a+  (2.42) 
Extrinsic effects can have a profound effect on the n- and p- type behaviour of TiO2. 
Extrinsic defects occur due to the presence of impurities in TiO2. Electrons can be imparted 
into TiO2 by placing another donor-type cation, with a greater number of electrons, onto a 
TO+ ion lattice site. Conversely, it is possible to use an acceptor type cation, with fewer 
electrons than the Ti4+ ion, which would impart electrons holes into TiO2. The impact of 
some impurities on the conductance of TiO2 is shown in Table 2.01. In addition to the 
intrinsic and extrinsic defects' effects on the conductivity of TiO2, work by Radecka et al. 
[35] shows that intergrain contacts will have a significant effect on the conductivity, hence 
grain size or particle size affects conductivity. 
Table 2.01 Effect of metal oxide impurities on TiO2 [36] 
Addition (1.0 mole %) 	Specific conductance Factor 
((ohm.cm)-1 x 104) 
Nb2O5 
Ta205 
V205 
51)205 
P2O5 
w03 
MoO3  
SiO2 
ZrO2  
60 	 1 
	
330,000 	5500 
250,000 	4166 
1,600 	27 
50,000 	833 
61,000 	1020 
240,000 	4000 
30 	 0.5 
200 	 3.3 
52 	 0.9 
As can be seen in Figure 2.25 the conductivity goes through a minimum, this 
phenomenon is known as the n-p transition. At the n-p transition similar concentrations of 
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electron holes and electrons exists, thus it becomes increasingly important to consider the 
intrinsic electronic equilibrium, given in equation (2.43). As the electronic carriers are 
annihilated, vacancies and interstitials defects, i.e. ionic defects, begin to fulfil the role of 
charge carriers. Thus while ionic conductivity is relatively insignificant in the n- or p-
regimes, at the n-p transition a significant proportion of the measured conductivity was not 
electronic but ionic in nature [34, 37]. The ionic conductivity can be given by equation 
(2.44), where Dd is the defect diffusion coefficient and Cd and qd are the concentration and 
charge of the defect, respectively. 
nil <=> + 	 (2.43) 
Cr  if?onic , Cdqd2  
Dd kT 
(2.44) 
The diffusion of oxygen is a critical factor for the reduction of TiO2. In the 
literature, values of oxygen diffusion coefficients differ considerably. The discrepancy in 
these values is likely caused by; (i) experimental errors (materials and measuring 
techniques); (ii) the method by which the diffusion coefficient was determined or; (iii) the 
presence of extrinsic impurities, which act as barriers to the diffusion of oxygen. Radecka et 
al. [38] determined the chemical diffusion of undoped-Ti02, which is shown in equation 
(2.45). This equation was derived using the oxidation and reduction of TiO2 over the 
temperature range 900 to 1400 K, using a three-dimensional single crystal sample over a 
wide range of oxygen partial pressures (1045 to 105 Pa). Interestingly it was found that 
oxygen partial pressure did not have an effect on the chemical diffusion of oxygen. 
[ 	( 0.505 ± 0.090 ) 
Dche„,(m2  ,9-1 (1.03 ± 0.40) x 10-3 exp 
kT 
(2.45) 
 
When rutile is slightly reduced, i.e. TiO„ where 1.98 < x < 2, a subtle form of 
microdomain texture exists, with lamella of ordered crystallographic shear (CS) planes 
parallel to {132} direction, dispersed in a rutile matrix. The composition range of 1.93[39] < 
x < 1.98, is inhabited by a virtually continuous sequence of ordered or partly ordered phases, 
in which the CS planes lie between {121} and {132}. Compositional changes are now 
accommodated by changing orientation rather than the concentration of the CS planes. 
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Magneli phases (TiOx 1.75 < x < 1.90) 
Magneli phases are a range of sub-stoichiometry titanium oxides that conform to the 
general formula Ti,,02,,.1, where n is an integer between four and ten, and have structures 
derived from rutile type, by regular (121} CS planes. These phases are made up of two-
dimensional chains of TiO6 octahedra, with every nth layer having oxygen atoms missing to 
accommodate the loss in stoichiometry. The geometrical basis for the sequence Ti,0019 -
Ti407, is the increased face sharing of oxygen atoms between TiO6 octahedra, rather than 
edge and corner sharing as the number of octahedra across a block diminishes. These 
Magneli phases, which appear either as black or blue in colour, can be produced in a number 
of forms, i.e. tiles, rods, fibres, foams and powders. As seen in Figure 2.26, as n becomes 
smaller the relative conductivity of the Magneli phases increases. 
0 0.5 1.0 
x in TiOx 
1.5 2.0 
Figure 2.26 Schematic of the room temperature conductivity of some titanium oxides 
(redrawn from Hayfield and Clarke [40]) 
T1407 
The lowest of the Magneli phases is Ti407 has the highest bulk conductivity of these 
phases. Ebonex a conducting ceramic material is mainly composed of Ti407 and Ti509, is 
considered an electrode material, with conductivities matching that of carbon and graphite 
electrodes. This phase can be considered as being made up of three TiO2 octahedra and one 
TiO octahedra. It is resistant to corrosion in aqueous electrolytes and shows no tendency to 
form a hydride when in contact with hydrogen. 
Ti407 undergoes a semiconductor to metal transition at -124 + 2°C [41], which 
results in a threefold increase in conductivity. At low temperatures, short covalent metal-
metal bonds separate pairs of Ti3± ions, arising from the overlap of the 3d electrons. Above 
the transition temperature these bonds break as the titanium-titanium distances suddenly 
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increase. The 3d electrons then participate in metallic conduction, resulting in the increase in 
conductivity. 
Ti305 
Further removal of oxygen results in a stoichiometry that can no longer be 
accommodated by the crystal structure of Ti407, thus Ti305 is formed. Ti305, also known as 
tritianium pentoxide undergoes two structural transitions. Between 440-460 K a transition 
from the room temperature y-Ti305 (monoclinic) to a-Ti305 (monoclinic) occurs. At 500 K a 
transition from a-Ti305 (monoclinic) to the psedubrookite or anosovite B-Ti305 
(orthorhombic) occurs. These transitions can be seen in Figure 2.27. The conductivity of 
Ti305 increases three fold at the transition from monoclinic to orthorhombic. These 
modifications have very narrow compositional range, meaning little or no oxygen vacancy 
intrinsic defect chemistry; as a result Ti305 will have the lowest conductivity of the titanium 
oxides while in the electrochemical cell. 
Figure 2.27 Temperature dependence of the electrical resistivity of a Ti305 single crystal 
[42] 
Ti203 
Ti203 was found to have an amorphous a-A1203 structure at all temperatures. A 
semiconductor-metal transition was found to occur at approximately 180°C. The transition is 
not accompanied by a structural transformation, but results in an order of magnitude increase 
in conductivity. The increase in conductivity is thought to be a result of changes to the band 
structure of the oxide resulting in an increase in mobility of electrons. 
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The relatively small homogeneity range of Ti203 indicates a structure that may 
accommodate more oxygen vacancies than Ti305. Thus this conductivity of the oxide will 
not rise when placed in a low partial pressure oxygen environment, such as those seen in the 
electrochemical cell. 
TiO 
TiO, having metallic conductivity, shows appreciable ranges of composition, 
—Ti008-Ti012. Structures of the monoxide are based on the structure of the high temperature 
NaCl-type structure of y TiO. Four other structural modifications exist, which are designated 
(3-TiO, a-TiO, p-Ti1.„0 and a-Tii3O. P-TiO has a cubic superstructure of ideal 
stoichiometry TiO and is observed below 1250°C. a TiO has a narrow homogeneity range 
about the equiatomic composition and a monoclinic structure involving vacancy ordering. (3-
Ti 1,0 has an orthorhombic structure related to that of a TiO also based on vacancy 
ordering. a-Tii.„0 has a body centred tetragonal (bct) structure and is the low temperature 
form at 0-rich compositions. 
A distinction can be made between low Ti01.00 and high Ti0125, which represent 
two ordered phases in the TiO domain in which one-sixth of the sites for each type of ions 
are unoccupied. 
2.23 Calcium Titanates 
Several research groups studying the FFC Cambridge process have observed the 
formation of CaTiO3 (calcium titanate) during the reduction of TiO2 to titanium. 
Additionally, during the reduction of TiO2 precursors, CaTi2O4 (calcium dititanate) as well 
as CaTiO3 has been observed. The formation of CaTiO3 is generally thought to form as a 
result of the chemical reaction (2.46) between the electrolyte and Ti02. However, as 
discussed earlier Schwandt et al. [15] claimed that the formation of CaTiO3 is 
electrochemical in nature. 
Ca2+ + 02- + TiO2 ---> CaTiO3 	 (2.46) 
CaTiO3 is a perovskite structured compound, which is used as an electronic ceramic 
material and for immobilizing radioactive waste. The compound exhibits a cubic structure at 
elevated temperatures. Upon cooling a reversible phase transformation at 1634 K to a 
tetragonal structure is observed. Another reversible phase transformation is observed at 1498 
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K where an orthorhombic structure is stable [43]. Another interesting point to consider, is 
that the optimum sintering conditions for CaTiO3 was found to be in the range 1723 to 1773 
K, which is well above the operating temperatures for the reduction of TiO2 in CaC12. This 
would imply that any CaTiO3 formed during the reduction process is unlikely to sinter [44], 
thus leading to a general reduction in the mechanical stability of the precursor. Bak et al. 
[45] determined the chemical diffusion coefficient as a function of temperature at low and 
high p(O2) to be equation (2.47) and (2.48), respectively. 
Dchem (M2 S-1 )=1.28 x10-4 exp 
( 134.400 J/mo  
RT 
) 
Dchem (m2s1= 3.47 x 10-6exp( 
65.90J/mo0 
RT 
(2.47) 
(2.48) 
Like rutile, CaTiO3 at high temperatures is an amphoteric semiconductor exhibiting 
both n- and p-type properties when equilibrated at low and high oxygen partial pressures, 
respectively. Its electrical conductivity can be characterised as a function of oxygen partial 
pressure (Figure 2.28). At very low oxygen partial pressures CaTiO3 enters n-type regime 1, 
this refers to a situation where the CaTiO3 is reduced. The predominant defects in the 
structure are doubly ionised oxygen vacancies which are compensated by electrons as seen 
in equation (2.36). As the partial pressure of oxygen is increased, CaTiO3 enters n-type 
regime 2, which refers to a situation where several defect disorders are active: 
• Electrons compensated by singly ionised oxygen vacancies 
• Doubly ionised oxygen vacancies compensated by tri-valent titanium ions 
• Doubly ionised oxygen vacancies compensated by acceptor-type contaminations 
• Doubly ionised oxygen vacancies compensated by calcium atoms in titanium sites 
• Doubly ionised oxygen vacancies compensated by calcium and titanium vacancies 
• Doubly ionised oxygen vacancies compensated by calcium vacancies 
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Figure 2.28 Schematic of electrical conductivity vs. partial pressure oxygen of CaTIO3  
(redrawn from Bak et al. [45]) 
The n-p transition, as described earlier, refers to a situation where the ionic part of 
the electrical conductivity becomes significantly more important. As discussed earlier in 
§2.2 for TiO2, this is due to equal concentrations of electrons and electron holes, which 
results in mass annihilation of electronic charge carriers. At high partial pressures of oxygen, 
CaTiO3 enters the p-type regime where electron holes are the dominant defect, due to the 
reduction in the number of quasi free electrons, which is achieved by filling vacancies (or 
incorporating extrinsic acceptor impurities). 
Bak et al. [45] studied the electronic and electrical conductivity of CaTiO3. The 
results of this study are accumulated into Figure 2.29a, which shows the electrical 
conductivity of CaTiO3. To understand the constituent conductivities it becomes necessary 
to explain the concept of transport numbers. Transport numbers are simply the relative 
concentration of a particular charge carrier to the total concentration of carriers. By 
considering Figure 2.29b, it can be seen that the concentration of electrons and electron 
holes reaches a minimum at approximately 10 Pa oxygen partial pressure, which can be 
described as the n-p transition. 
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Figure 2.29 (a) Electrical conductivity of CaTiO3 (b) Transport numbers for CaTiO3  
(redrawn from Bak et al. [45]) 
Bak et al. [45] also demonstrated that the ionic conductivity in CaTiO3 is a function 
of temperature that can achieve values of up to 50 % of electrical conductivity at the n-p 
transition, as shown in Figure 2.30. 
Figure 2.30 Ion transport number (redrawn from Bak et al. [45]) 
Several research groups have observed CaTi2O4 during the reduction of TiO2 pellets, 
although it has not been observed in the reduction of TiO2 thin film or microelectrode 
experiments. This suggests that the formation of CaTi2O4 requires the unique conditions 
experienced during the reduction of precursors. Schwandt et al. [15] theorised that the 
formation of this phase was either due to the comproportionation of TiO2 and CaTiO3 via 
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reaction (2.49) or the electrochemical reduction of CaTiO3 via reaction (2.50). Both avenues 
are credible. However, if the latter were true it is curious why this phase is not observed in 
thin film or microelectrode experiments. 
CaTiO3 + TiO = CaTi204 	 (2.49) 
2CaTiO3 +2e = CaTi204 + Ca2+ + 202" 	 (2.50) 
CaTi204 was first separated and structurally characterised by Bertaut and Blum [46], 
who electrolysed TiO2 at platinum electrodes in CaC12 electrolyte. Later, Bright et al. [47] 
independently characterised this phase after detecting it during the work on the 
electrochemical production of titanium metal. During experimentation they electrolysed 60 g 
of CaTiO3 in 300 g of CaC12 at 850°C. Light microscopy revealed prismatic crystals, 
somewhat similar to those seen by Schwandt et al. [15]. Crystallographic analysis revealed 
the crystals to be orthorhombic at room temperature, while chemical analysis revealed the 
titanium cation to be in a trivalent state, which indicated that the compound was CaO.Ti203. 
In 1998 a synthetic route to produce CaTi204 was developed, which explains the 
sparse thermodynamic, material property and defect chemistry data available on this 
compound. Rogge et al. [48] combined CaTiO3 and titanium metal powder with a CaC12 flux 
at 1000°C, which lead to bluish-black coloured crystalline needles of CaTi204 approximately 
1 mm in length. The exact role of the flux was not determined, however it was known to 
play a critical role, as mixtures without the flux failed to form CaTi204. Additionally, the 
powder mixtures had to be mixed thoroughly with the flux. It was found that equimolar or Ti 
rich mixtures were needed to form the compound. Rogge et al. [48] also observed that when 
the titanium powder oxidised to TiO, CaTi204 was not formed, even though theoretically 
mixtures of TiO and CaTiO3 could comproportionate to CaTi204. This could possibly be 
because reaction (2.49) has a small positive AG, which is overcome using titanium rather 
than TiO. 
Rogge et al. [48] formed a single crystal of CaTi204 and confirmed the structural 
model proposed by Bertaut and Blum [46]. The structure was shown to be composed of 
double rutile chains of edge-sharing Ti06 octahedra. There are also layers of Ti06 octahedra 
that lie perpendicular to the b-axis due to parallel double rutile chains sharing edges. As the 
layers stack up along the b-axis, one layer is connected to its mirror image by corner sharing. 
The close packing of double rutile chains produces one-dimensional tunnels running along 
the c-axis, which contains the calcium atoms. This tunnel structure is reflected on a larger 
scale in the morphology of this compounds crystals, with the needles orientated in the c-axis. 
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2.24 TiCI4 
Titanium tetrachloride (titanium (IV) chloride), more commonly known as "tickle", 
is an important intermediate in the production of titanium via the Kroll process. It is an 
unusual example of a liquid metal halide that is very volatile in air, where it forms opaque 
clouds of TiO2 and HC1. 
Titanium chlorides have recently been of interest as an alternative feed stock to TiO2 
for reduction using a molten salt. Naito et al. [49] have proposed a route by which gaseous 
TiCl4 is reacted with calcium, formed from the electrochemical reduction of a CaC12 molten 
salt, via reaction (2.51). 
Ca + TiC14. = Ti + 2CaC12 	 (2.51) 
2.25 Ti [0] Solid Solutions and Sub-Oxides 
Below 1193 K, a Ti and a TiO combine in a peritectoid reaction to form Ti302, this 
compound has an ordered hexagonal structure with a single ideal stoichiometry (i.e. 40 at. % 
0). The lack of compositional range and near metal conductivity (Figure 2.26) most likely 
means this compound acts as a metal conductor with excess free electrons available. A 
second peritectoid reaction where a Ti and Ti302 combine to form Ti20, was observed at 
873 K, which is part of the TO sub-oxides. The other universally recognised sub-oxide is 
Ti30, another ordered hexagonal phase with the anti-corundum structure. These phases have 
a significant compositional range suggesting that they can incorporate oxygen vacancies into 
the structure. This is further corroborated as the electrical resistivity of the sub-oxides 
increases with increasing at. % 0, which is consistent with the removal of quasi free 
electrons as oxygen vacancies are filled. These sub-oxides only form below 873 K, above 
this temperature, a disordered Ti[O] solid solution exists, denoted by a Ti. 
Titanium is an allotropic material with two equilibrium crystal structures, a 
hexagonal closed pack (hcp) crystal structure known as a Ti and a body centred cubic (bcc) 
structure known as 13 Ti, which can be seen in Figure 2.31. In unalloyed titanium, a Ti is 
stable up to 882.5°C, the p transus, where it transforms to f3 Ti. Elements can be introduced 
into the titanium lattice to stabilise either the a Ti or r3 Ti crystal structure. The hcp a Ti has 
a maximum solubility of 33.3 at. % 0, while the bcc p Ti has a maximum solubility of 8 at. 
% O. 
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Figure 2.31 Clinographic projection of the two allotropes of titanium; (a) Hexagonal closed 
packed — a Ti and (b) Body centred cubic — p Ti 
Dring [50] compared the reported diffusion coefficients from Caisse et al. [39], 
Kofstad et al. [51], Roe et al. [52], Rosa et al. [53], David et al. [54], Pratt et al. [55] Gobel 
et al. [56] and Dechamps et al. [57] for the diffusion of oxygen in titanium. The researchers 
have shown there to be a large variation in the calculated oxygen diffusion coefficients of 
nearly two orders of magnitude (Figure 2.32). Most studies used hardness measurements on 
high purity CP-Ti samples oxidised with pure, dried oxygen gas, with the surface exchange 
reaction assumed to be non-rate-determining. However, other interstitial impurities such as 
nitrogen and carbon are known to influence the hardness of titanium at low concentrations 
(> 400 ppm). Additionally, a distinction between studies that use Kroll titanium versus the 
subsequently iodide refined titanium should be made. Iron is one of several elements, which 
exert a modest blocking effect on oxygen mobility through the titanium lattice, additionally 
iron will have an influence on the hardness of titanium. For a Ti the data was collated and a 
line of best fit was extrapolated, leading to equation (2.52). 
The disparity in reported diffusion coefficients of oxygen in 13 Ti, is largely a result 
of impurities, such as Fe, which significantly reduce diffusion of interstitial species. For this 
reason Wasilewaki et aL [58] data was used to obtain the diffusion coefficient of p Ti, as the 
preparation ensured low quantities of impurities. Wasilewaki et al. used samples prepared 
from arc-melted iodide titanium, with an analysed composition of 360 ppm C and 110 ppm 
0. The diffusion coefficient (equation (2.53)) was obtained from oxygen analysis of material 
cut from various depths from the oxygen source. 
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Figure 2.32 Diffusion coefficient of oxygen in a Ti and 13 Ti (redrawn from Dring [50]) 
Da 1cm2S 	0.509 exp( 2008001 
RT 
D,1  (cm2s-1 )= 330exp( 246000)  
RT 
(2.52) 
(2.53) 
2.251 Alloying of Titanium 
Many elements can be alloyed, interstitially and substitutionally with titanium and 
are given the term stabilisers. These elements can be divided into three groups, art 
stabilisers, neutral stabilisers and J3Ti  stabilisers. The aT, stabilisers include aluminium 
(substitutional), oxygen, nitrogen and carbon (interstitial), which tend to make the aT, crystal 
structure more stable and raise the 13 transus. For aluminium this occurs as the titanium d-
electrons avoid the aluminium atoms, which has an effect of diluting the titanium sublattice, 
which consequently emphasises pre-existing titanium-titanium bond directionality thus 
preserving the hcp structure of the titanium crystal. 
13-n stabilisers can be further sub-divided into two types, isomorphous and eutectoid 
(3T, stabilisers. Isomorphous stabilisers, of which there are many (molybdenum, vanadium, 
niobium and tungsten etc), form a continuous solid solution over all composition ranges and 
continuously depresses the 3 transus. These stabilisers have an electron density higher then 
titanium. Once substituted for a titanium ion, the excess electrons lead to more effective 
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screening of the ion cores, thus making the titanium crystal more symmetrical, hence 
favouring cubic DT, structure. Eutectoid stabilisers such as iron, manganese, copper and 
chromium depress the [3 transus until a composition is reached where a compound formation 
occurs via the eutectoid reaction. The relative strength of these stabilisers is defined by the 
molybdenum equivalent. This term indicates the wt. % required of a given stabilisers to 
achieve the stabilising effect of 10 wt. % molybdenum. The molybdenum equivalent of 
several stabilisers can be viewed in Table 2.02. Additionally the wt. % I3T, stabiliser of a 
titanium alloy can be given by equation (2.54). 
Table 2.02 Molybdenum equivalent for several [3 Ti stabilisers 
13 Ti stabilisers Type Mo equivalent [3, Suppression (°C) 
Mo Isomorphous 10.0 -8.3 
V 15.0 -5.5 
W 22.5 -13.8 
Nb 36.0 -10.6 
Ta 45.0 -15.6 
Fe Eutectoid 3.5 0 
Cr 6.5 -2.8 
Cu 13.0 -5.6 
Ni 9.0 4.4 
Co 7.0 3.3 
Mn - 21.1 
Mo Eq = 	1.0 Mo + 0.67 V + 0.44 W + 0.28 Nb + 0.22 Ta + 2.9 Fe + 1.25 Cr -F 1.25 
Ni + 1.7 Mn - 1.0 Al 	 (2.54) 
Neutral stabilisers include elements such as tin, zirconium and hafnium. Zirconium 
and hafnium are part of the same group as titanium and as such have a similar allotropic 
transformation from hcp aT, to bcc 13Ti. Their individual presence does not affect the 
electronic structure of titanium. However elements that stabilise the al-, or I3Ti crystal 
structure will also stabilise the a or 13 crystal structure of zirconium and hafnium turning 
them into aT, or NI stabilisers. Thus these neutral stabilisers are more accurately termed as 
host stabilisers. 
Diffusion of these stabilisers in titanium is of critical importance during deoxidation 
of titanium or its alloys via the FFC Cambridge process. Nakajima and Koiwa [59] compiled 
works from several papers on the diffusion coefficients in a Ti for cobalt [60], iron [61], 
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nickel [62], manganese [63], chromium [64], phosphorus [65], aluminium [66] and silicon 
[67]. The data showed that the transition elements and phosphorous exhibit fast diffusion, 
which was three to five orders faster than self-diffusion. It was also shown that diffusion 
parallel to the c-axis was faster than that perpendicular to the axis except for phosphorus. 
Diffusion of transition elements in titanium is supposedly achieved via vacancies, however 
there is evidence that some type of interstitial mechanism operates on the basis of the 
following considerations. Table 2.03 shows that on transformation from GET, to 13T, the self-
diffusion of titanium increases three hundred fold. If these stabilisers diffuse by a vacancy 
mechanism, as in the case with self-diffusion, then the diffusion of these elements should 
increase by a similar magnitude. The fact that little change in diffusion coefficients of the 
impurities is observed is an indication that an interstitial mechanism operated. 
Table 2.03 Ratios of DA / Da at 1155 K, where Da is averaged over all directions. 
Ti 	Cr 	Mn 	Fe 	Co 	Ni 
310 	1.7 	1.0 	0.4 	0.2 	0.8 	1.2 
Secondly, there is a strong correlation between the atomic size of the stabiliser and 
its diffusion through titanium (Figure 2.33a). Figure 2.33b shows that fast diffusers generally 
have very low solubility in titanium. It is interesting to recall the 15 % empirical rule 
proposed by Hume-Rothery. Extended solid solutions can only be formed if the difference in 
atomic size is less that 15 %. It was suggested by Nakajima and Koiwa [59] that in a Ti the 
elements cobalt, iron and nickel are smaller than the critical value, which suggests that they 
could occupy interstitial sites. Thirdly, the equilibrium phase diagrams for the titanium - 
eutectoid stabilisers (Ti-Ni, Ti-Fe etc) and titanium - interstitial stabilisers (Ti-O, Ti-N etc) 
possess many of the same characteristics, i.e. a small solubility range followed by the 
formation of several compounds. 
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Figure 2.33 Diffusion data for titanium, (a) Diffusivity vs. metallic radius, (b) Diffusivity 
vs. solubility (redrawn from [59]) 
Lastly, diffusivity of oxygen is approximately one to three orders of magnitude 
lower than that of iron, nickel and manganese and is known to impose a blocking effect on 
these elements. Such behaviour can be explained if oxygen, iron, nickel and manganese 
share a common lattice formed by the interstices of the hcp lattice of titanium. Oxygen 
exerts no chemical attraction on the diffusers, and yet reduces the diffusivity by its own 
presence. Thus it can be concluded that the sites occupied by oxygen are no longer available 
to the diffusers. It is logical to assume that diffuser impurities would reduce the diffusivity 
of oxygen in titanium as well. 
Titanium alloys can be divided into five categories, a, near-a, a-4-0, near-13 and 13 
alloys which reflect the relative quantities of an and On in the microstructure at room 
temperature. These categories are characterised according to the schematic of the 
isomorphous pseudo-binary phase diagram seen in Figure 2.34. 
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Figure 2.34 Schematic of the equilibrium isomorphous binary diagram (redrawn from 
Donachie [68]) 
a and near a Titanium Alloys 
This category of alloy includes commercial purity titanium (CP-Ti), which has 
several purity grades, which are solution strengthened using interstitial oxygen and nitrogen. 
These materials are characterised as titanium alloys where retention of (3T, is not possible, 
however it is possible to anneal these alloys in the a+13 phase field. The high rate of work 
hardening limits the formability of these alloys. However these alloys have excellent 
weldability as they are non heat-treatable. High tensile strengths in these alloys are achieved 
using solid solution hardening of substitutional stabilisers, such aluminium, tin and 
zirconium. An example of this is Ti-3A1-2.5V alloy, which has industrial applications such 
as in pressure vessels and piping, and in a growing number of consumer products (the most 
notable being bicycle tubing). 
Near-a Ti alloys contain a small vol. % of (3T, stabilisers to widen the a+r3 
temperature range to allow hot working to be carried out in the a+3 field. A small amount of 
residual i3T, is retained upon cooling. These alloys have superior creep resistance of the aT, 
phase over all titanium alloys at temperatures above 400°C. Examples of near-a alloys 
include Ti-5.5A1-3.5Sn-3Zr-1Nb-0.25Mo-0.3Si (Timetal 834) and Ti-6Al-5Zr-0.5Mo-
0.25Si. 
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a+p Ti Alloys 
This category of titanium alloys contains sufficient a1, and p, stabilisers to broaden 
the a+0 field to below room temperature (Figure 2.34). It is possible to achieve a wide range 
of microstructures using thermomechanical processing. A wide range of microstructures can 
be attained in a a+13 alloy, giving a broad range of properties. Examples of a+P alloys 
include Ti-6A1-4V alloy and its variants, which have been used in air-frames, jet engine, 
rocket components, pressure vessels, fasteners, prosthetic implants, geothermal-well casings, 
automotive components and sports equipment. 
Metastable and Stable J Ti Alloys 
This category of titanium alloys has increased amounts of PT, stabilisers compared to 
a+13 Ti alloys. This increases the stability of the PT, phase and consequently renders the 
nucleation and growth of the an phase extremely sluggish. These alloys are defined as 
having sufficient I3T, stabilisers to prevent cooling through the Ms/Mf field thus avoiding 
martensite formation, though studies have shown that martensite can be stress induced upon 
quenching. Stress induced martensite can be quantified on the pseudo binary by means of a 
deformation induced martensite field (Md), if this start temperature is above room 
temperature, the PT, phase will transform to martensite. Examples of metastable P alloys can 
include P rich compositions of Ti-10V-2Fe-3A1, used in numerous aircraft structural parts 
including landing gear components. 
13 Ti alloys are defined as alloys that retain a stable PT' structure, however in practice 
they also includes alloys which retain a weak metastable PT, structure, upon quenching from 
the PT, phase field, due to the high concentrations of PT, stabilisers present. Commercially 
available 13 Ti alloys are of the latter type, they possess excellent cold formability, high 
strength and low modulus due to the age hardening potential of the metastable PT, phase. 
Sluggish kinetics prevent the precipitation of an on cooling from the 13 Ti field, allowing 
uniform properties over thick sections. Examples of metastable alloys used in industry are 
Ti-15V-3Cr-3Sn-3A1 and Ti-11.5Mo-6Zr-4.5Sn, which are used in applications such as high 
strength aircraft sheet parts, fasteners and springs. 
2.252 Equilibrium and Non-Equilibrium Phases 
This section describes the main microstructural features seen in titanium alloys. 
These phases can either be equilibrium phases, those seen on an equilibrium phase diagram, 
or non-equilibrium phases seen on dynamic phase diagrams such as time-temperature-
transformation diagrams. 
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Primary aTi 
Primary aT, is a processing term applied to the residual hcp aT, phase that has not 
been formed from the transformation of the 13T,. The morphology of this phase can be 
equiaxed, globular or lamellar. In practice, however, all commercially produced titanium 
alloys are formed via a liquid melt processing stage, hence all primary aT, in all titanium 
alloys has at one stage transformed from the 13T, phase. However, during the reduction of 
TiO2 to Ti, the reduction of TiO to titanium is observed. The titanium formed from this 
reaction has never been transformed from the f3T, phase, so the morphology is most aptly 
described as primary am Due to the nature of the FFC Cambridge Process, primary aT, will 
describe ar, that was formed from the reduction of TiO, which has never been liquid or 13T,. 
Transformed 13Ti 
Transformed 13T, is a term used to describe aT, that has transformed from the 13T, 
phase upon cooling through the a+3 phase field. On very slow cooling (furnace cooling), aT;  
will nucleate as a continuous layer at the prior 13T, grain boundary or cause growth at primary 
aT; sites. As more aT, is formed the surrounding 13T, grains become increasingly solute rich. 
Eventually the eutectoid composition is reached and solute partitioning of the alloy 
stabilisers occurs. This results in regions of retained 13T, separateing the aT, lamellae, where 
the retained 13T, has the same crystal orientation as the parent [3T;. 
After air cooling colonies of aT, plates nucleate and grow on preferred 
crystallographic planes of the parent 13/, phase, such is termed as Widmanstatten am. Each 
colony of plates acts as a microstructural unit with easy slip transfer across the plate 
interfaces. With increasing cooling rate or increasing 13T, stabiliser content, the nucleation of 
separate aT, plates is enhanced, and thus, the colony structure is replaced by a basket-weave 
morphology. 
Martensite 
The term martensite is a non-equilibrium phase that is formed when a titanium 
crystal structure undergoes a diffusionless shear transformation. Martensite can be divided 
into two types, a' (alpha prime) and a" (alpha double prime). a' has low concentrations of 
PT1 stabilisers and as such has a hexagonal lattice identical to that of the aT, phase. The 
transformation of [3T, to a' is crystallographically achieved via a 10 % contraction along the 
[100]p corresponding to [NTO]a,, a 10 % expansion along the [0143 corresponding to [0110]„, 
and a 1 % expansion along the [011]p corresponding to [0001]a'. 
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a" has an orthorhombic crystal structure, which upon quenching from a lower 
temperature while there is significant r3T, stabilisers present. The transformation of PT, to a" 
is crystallographically achieved via a 2° rotation from <001>p to [100],c, 2° rotation from 
<110>p to [010]„,,, where the <11-0>p would become the [001]x••. 
WTi 
ari is a non-equilibrium phase and can be classed as either isothermal or athermal. 
Isothermal (')Ti  forms, as a nucleation and growth product, when alloys containing metastable 
PTI are isothermally aged at temperatures below 500°C. The morphology of this phase can be 
ellipsoidal or cuboidal, depending on the mismatch between the lattices of the o)T, and the 13T; 
phase. Athermal coT, forms by a diffusionless reaction in the PTI phase during quenching, 
occurring as small particles (-2-4 nm). Large volume fractions of this phase can increase 
strength but drastically reduce the ductility, due to lack of dislocation mobility. However coTi 
can be removed by sufficiently aging an alloy which would allow the transformation of co-r, 
to equilibrium aT, to reach conclusion. 
2.253 Biocompatibility of Titanium Alloys 
The relative biocompatibility of elements in the body can be seen in Figure 2.35. It 
can be seen that titanium is one of the most biocompatible elements tested and is 
significantly more biocompatible then other metallic biomaterials. As such titanium is 
finding increasing use in the bio-materials industry and has found particular application as 
an orthopaedic and dental implant material. The biocompatibility of titanium stems from the 
inevitable formation of a hydrous titanium oxide layer. 
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Figure 2.35 Biocompatibility data for various elements and alloys (redrawn from Kuroda 
[69]) 
As discussed earlier, the alloying of titanium results in the manipulation of the 
mechanical properties. Improvements in strength result in more robust and less obtrusive 
implants, which is a general improvement. Ti-6A1-4V is currently the most widely used 
titanium alloy in orthopaedic applications. However, it has been found that the release of 
aluminium and vanadium ions cause carcinogenic issues. A secondary issue is that the 
elastic modulus of the alloy does not match that of bone. The greater the mismatch between 
the elastic moduli the greater the stress shielding effect, which results in bone loss and 
ultimately implant replacement. 
2.254 Ti-15Mo 
Molybdenum is a relatively strong isomorphous 13Ti stabiliser and can be used to 
strengthen titanium while reducing the elastic modulus. The composition Ti-15 wt. % Mo 
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has been studied by a number of groups, who have published mechanical property data for 
the alloy. The reported properties, particularly the elastic modulus, vary quite significantly, 
which can be seen in Table 2.04. 
Table 2.04 Mechanical properties of Ti-15Mo bHo et al. [70]; cNiinomi [71]; dZardiackas et 
al. [72]; 'Wang [73]; Nag et al. [74] homogenised condition; gNag et al. [74] post aging. 
Material 	E (GPa) 	Yield Stress 	Hardness (VHN) 
(MPa) 
Ti-15Mo 	71b 78c 77.7d 78e 112f 	544c 483d 544e 	307b 379f  279g 
1248 
In 1958, Spachner and Rostoker [75] constructed a time-temperature-transformation 
diagram (Figure 2.36) for a Ti-13 wt. % Mo alloy. In 1996, Banerjee and Naik [76] studied 
the Ti-15Mo system and found it readily formed the con phase. In the beta quenched 
condition the alloy exhibited a structure consisting of fine particles of cop phase distributed 
in equiaxed f3T, grains. The (or, particles had the size range 2-5 nm in diameter and were 
known to originate from an athermal [3T, to aim transformation during quenching. On ageing 
precipitation of either the metastable con or equilibrium fIT, phase occurred depending on 
ageing conditions, which results in the varied mechanical properties of this alloy. Banerjee 
and Naik [76] concluded that (i) PTI with athermal coT, was associated with low yield strength 
and elastic modulus; (ii) fir, with aged coT, was associated with very high yield strength and 
high elastic modulus; and (iii) in the 13T, with aged aT, resulted in marginal increases in yield 
strength and elastic modulus. 
0.1 	1.0 	10 	100 	1000 	10000 
Log Time (min) 
Figure 2.36 Time-temperature-transformation diagram for a Ti-13 wt. % Mo alloy 
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The alloy produced by Nag et al. [74] post homogenisation had large grains (in the 
order of 10 — 100 i.tm), with occasional ar, precipitates at the grain boundary triple point. A 
large quantity of nano-scale ar, precipitates with an ellipsoidal morphology were identified. 
The alloy was then heat treated at 600°C for 4 h and air cooled which resulted in the 
dissolution of oYri, however significant quantities of secondary ar, were precipitated, which 
resulted in a higher elastic modulus and strength. 
After forming the alloy Wang et al. [73] solution annealed it at 800°C followed by 
quenching. As described earlier the quench is likely to result in the formation of athermal toT, 
phase. Niinomi [71] mechanical property data is based on a sample that was annealed, 
however without information on the heat treatment temperature and the cooling rates it is not 
known what phases may be present. Zardiackas et a/. [72] formed the alloy via conventional 
reactive alloy processing, however the cooling rates and post processing conditions were not 
stated. 
2.255 Ti-10W 
In 2003, Frary et al. [77] conducted a study on the mechanical properties of 
composites of titanium and Ti-6A1-4V with tungsten. The samples were formed by cold 
isostatic pressing tungsten (3 pm) and titanium (125 ttm) powders together. The compacts 
were vacuum sintered at 1230°C for 2.5-4 h prior to hot isostatic pressing at 900°C and 100 
MPa for 2 h. Composites were formed with large tungsten particles in a titanium alloy 
matrix, rather than a homogenous alloy. The titanium matrix had significant tungsten 
content, indicating that some of the smaller of tungsten particles dissolved into the matrix. 
However, larger tungsten particles did not dissolve due to the extremely sluggish diffusion 
of tungsten in titanium and the relatively short time spent above the beta transus. It is 
believed a prolonged homogenisation above the beta transus would result in the dissolution 
of the large tungsten particles and lead to a homogenous alloy. It was found that the addition 
of tungsten in solid resulted in a general increase in hardness and yield stress with a 
reduction in ductility and elastic modulus. The mechanical properties of the Ti-10W 
composite formed are shown in Table 2.05. However the presence of interstitial impurities 
such as oxygen, which can significantly affect the mechanical properties of titanium was not 
quantified or considered. 
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Table 2.05 Tensile properties of Ti-10W alloys where the size of tungsten particles are (a) 
0.7 pm, (b) 2.0 pm, (c) 3.0 gm and (d) < 250 mesh 
Ti-W alloy 0.2 % Yield 
Stress (MPa) 
Ultimate Tensile 
Strength (MPa) 
Strain at 
UTS (%) 
Failure 
Strain (%) 
Elastic 
Modulus 
(GPa) 
a 803 905 4.8 18.5 108 
b 784 884 4.7 17.9 101 
c 769 931 5 14.1 110 
d 576 613 1.7 2.1 99 
CP-Ti 411 518 13 23.9 115 
In 2005, Choe et al. [78] produced a number of Ti-10W composites by cold-isostatic 
pressing titanium (<150 pm) and tungsten (0.7, 2 pm and < 250 mesh) powders into a 
preform, prior to hot isostatic pressing for 2 h at 900°C and 100 MPa. As expected when 
smaller particles were used more tungsten was dissolved into titanium (0.006, 0.07 and 2.25 
vol. % tungsten was undissolved for 0.7, 2 pm and < 250 mesh particle size respectively). 
The mechanical properties of these alloys are shown in Table 2.05. It was also suggested that 
a possible application for the use of Ti-W alloys would be bone-replacement implants, due 
to its biocompatibility, high strength and hardness. 
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Chapter 3 Experimental Apparatus & Methods 
The electrochemical deoxidation of metal oxides in a CaC12 electrolyte requires a 
rigorous experimental setup. In addition there are several methods of arranging the metal 
oxides during reduction, which give more accurate information on aspects of reduction. By 
combing the results from these different arrangements it is possible to achieve a greater 
understanding of the FFC Cambridge process. The apparatus and materials needed for these 
experiments include furnace, furnace controller, reaction vessel, crucible, CaC12 salt, 
electrodes and metal oxides, which are discussed below. 
3.1 Furnace, Furnace Controller and Reaction Vessel 
A vertical tube furnace (Instron Limited TF 1255) coupled to 16-segment 
programmable controller (Eurotherm 2408), with type K thermocouples, was used to heat 
the reactor assembly in these experiments. Internal temperatures were confirmed using an 
independent type K thermocouple with data logging via Picolog TC-08 PC-based data 
acquisition unit. 
The electrochemical cell and electrodes were contained in a custom built Inconel® 
reaction vessels, which were constructed by SFL Instron using explosive grade welds. A 
stainless steel collar was fitted to the upper proportions of the vessel to accommodate the 0-
ring seal with a stainless steel top plate. Schematics for the reaction vessel design can be 
found in Dring [79]. In order to allow handling of the top plate at reaction temperature and 
protect the 0-ring it was water cooled using inlaid copper piping. The reaction vessel was 
sealed using G-clamps to fasten the top plate to the reaction vessel, such that the 0-ring, top 
plate and reaction vessel formed an air tight environment. 
The top plate incorporated several holes, two of which were used to connect gas in 
and out during experimentation. A constant stream of argon (150 mL min-1) was used to 
establish a positive pressure within the reaction vessel, which carried away evolved gasses 
from the surface of the electrolyte and also prevented moisture and oxygen from the outside 
atmosphere from entering the reaction vessel. The other holes allowed the suspension of 
various electrodes via silicone bungs while maintaining an air tight sealed environment 
within the reaction vessel. These silicone bungs were drilled to accommodate a 3 mm rod 
while held below the glass transition temperature using liquid nitrogen. In addition to 
maintaining a sealed environment the silicone bungs ensured the electrodes were electrically 
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isolated from the top plate during experimentation. Alternatively mullite guider tubes used in 
conjunction with silicone caps could also be used to suspend the electrodes during reduction. 
This had the added benefit of forcing the electrodes to adopt a fixed position. A schematic 
for the experimental set up is shown in Figure 3.01. 
Argon as outlet / inlet 	Poterttiostat / Data Acquisition 
\\, //V/ 
-  
Reaction Vessel 
Gas Outlet 
1771 
Argon inlet 
Anode 
Precursor I Cathode 
Molten CaCl2 Electrolyte 
Boron Nitride Pellets 	 Reference Electrode 
Figure 3.01 Schematic of the apparatus for FFC Cambridge reductions at Imperial College 
London 
3.2 Crucibles 
Grade two commercially pure titanium (CP-Ti) and to a limited extent alumina 
(A1203) crucibles were used to contain the CaC12 electrolyte. Alumina crucibles (Anderman 
Ceramics Ltd) were used for short-term low-impact experiments where small amounts of 
electrolyte were sufficient. However the majority of the experiments were conducted using 
titanium crucibles. The reasons for this were two fold, firstly at 900°C the titanium crucibles 
will act as an additional oxygen getter protecting the electrolyte and electrodes in the event 
that any oxygen is evolved during reduction, secondly contamination of the electrolyte from 
the crucibles is an issue. Titanium contamination of the electrolyte from a titanium crucible 
is a less severe issue then the contamination of aluminium or iron from alumina and stainless 
steel crucibles respectively. The titanium crucibles (Northern Special Metals Ltd) were made 
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Guiding discs 
and support 
Thermocouple 
Crucible 
by tungsten inert gas (TIG) welding a base plate to a sheet which had been pre-TIG welded 
into a cylinder. 
Carbon crucibles were considered as they could fulfill the dual objectives of 
containing the electrolyte and act as the anode, which would result in a very large 
electroactive area, thus improving the efficiency. However it is possible that during the 
reduction process small amounts of carbon are dislodged from the surface of the carbon 
anode. This debris can form a conducting slag on the surface of the electrolyte which 
effectively connects the electrodes in a low resistance circuit, effectively short circuiting the 
electrochemical cell. Thus it is advisable to minimise the amount of carbon in the system, 
thus carbon crucibles were discounted for use. 
The titanium crucibles can be re-used several times but must first be meticulously 
cleaned. This is achieved by steaming the spent electrolyte out of the crucible. The crucible 
is then scrubbed (using a wire brush) and steamed several times to remove encrusted 
residual salt and loose debris, which usually consists of metal oxide particles and carbon. 
The resulting crucible usually has a persistent titanium oxide layer which will not detach and 
contaminate the electrolyte during reduction. 
It is know that titanium forms a low melting point compound with nickel, Ti2Ni, 
which can be seen in the titanium-nickel equilibrium binary phase diagram (Figure 3.02). 
For this reason when experiments were conducted above 950°C boron nitride pellets were 
used to separate the titanium crucible from the retort. The use of boron nitride pellets 
became best practice as it had an additional advantage of electrically insulating the reaction 
cell from the reaction vessel. This in turn minimised the impact of electrical anomalies that 
were previously observed from the furnace. 
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Figure 3.02 Equilibrium Ti-Ni binary phase diagram (redrawn from Murray [80]) 
3.3 	Electrolyte and Gas Handling 
Two types of CaC12 are available from Fluka, anhydrous CaC12 and CaC12 di-
hydrate. The volume change found when heating and removing moisture from the Di-
hydrate CaC12 salt is significant, leaving relatively small amounts of electrolyte for 
experimentation. Consequently this salt was only used for micro-cavity experiments. As—
received anhydrous CaC12 granules (Fluka) are extremely hydrophilic and as such require 
quite intricate handling. CaC12 is thermally equilibrated at 373 K and subsequently heated to 
573 K at a rate of 0.1 K min-1 under argon (BOC Pure shield — 150 mL mitil), which had 
been passed through silica gel molecular sieves and titanium turnings (oxygen getter heated 
to 973 K). This getters residual moisture and oxygen in the argon feed while introducing 
minimal undesired species and impurities. The CaC12 was equilibrated for 4 h at this 
temperature before subsequent heating to the reaction temperature (1173 K) at a rate of 3 K 
min t or slower. 
Once equilibrated at reaction temperature the electrolyte was subjected to a pre-
electrolysis step. This step involved the deposition of electroactive impurities onto a titanium 
rod and removal of residual moisture. This was achieved by polarising a titanium rod to 
2700 mV negative of the graphite counter electrode. The pre-electrolysis voltage was limited 
to this to stop large amounts of calcium being formed via the breakdown of CaO or CaC12. 
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As electroactive impurities are deposited onto the titanium rod the current measured reduces 
until a current plateau is reached. The plateau represents the background current associated 
with the conductivity of the electrolyte and parasitic impurities, which deposited onto the 
titanium rod and then reabsorbed. Once this plateau is reached the pre-electrolysis is 
complete. The titanium rod is then removed from the electrolyte, while under potential, to 
prevent any re-absorption of the deposited species. 
Magnesium is a commonly found impurity in CaC12, most likely a result of the 
forming process. Unfortunately is not removed during the pre-electrolysis step as it takes 
place in a number of parasitic reactions. Normally the level of magnesium in anhydrous 
CaC12 is not significant, however there are exceptions. For titanium oxide reductions this is 
not important as magnesium has no solubility in titanium, however for other metals will be 
severely contaminated. One way of removing the magnesium impurity is by conducting a 
pre-electrolysis with a nickel wire. As shown in the nickel-magnesium equilibrium phase 
diagram (Figure 3.03), magnesium deposited onto a nickel rod would react to form MgNi2 or 
Mg2Ni, thus preventing the re-absorption of magnesium into the electrolyte. 
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Figure 3.03 Equilibrium Ni-Mg binary phase diagram [81] 
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3.4 Electrodes 
These experiments can be conducted using either a two or three electrode set-up. 
The two electrode set-up, usually employed for reduction of metal oxide precursors consists 
of a counter and working electrode. The three electrode setup involved a counter electrode, a 
working electrode and a reference electrode. This set-up is usually used for experiments 
where small amounts of material are reduced (thin film and micro-cavity work) as the 
potentiostat is limited to 1000 mA, which is inevitably "maxed out" during the reduction of 
a precursor. This presents a large problem as prior to being maxed out the experiment is 
potential controlled, once the 1000 mA is reached the experiment becomes current 
controlled. Such a current clamp would limit the rate of reaction and would most likely 
make the reduction slower, leading to longer reduction times. By limiting the rate of 
reduction there could be a number of effects, some possibly positive, that would impact the 
reduction pathway of the metal oxide. 
3.41 Counter Electrodes 
The counter electrodes are made from high density graphite rods (10 mm diameter — 
Tokai Carbon EC4) which were sectioned to 150 mm lengths and tapped to accept 3 mm 
diameter 450 mm long grade two CP-Ti rods (Northern Special Metals). These electrodes 
can be used multiple times as long as residual electrolyte is removed and enough mechanical 
integrity exists. These electrodes are lowered into the electrolyte such that there is no contact 
with the titanium crucible. Any contact would polarise the crucible involving it in the 
electrochemical reactions taking place. It was found during subsequent investigations that 
when the counter electrode was very close to the titanium crucible an increase in noise was 
found. When the gap between the counter electrode and crucible was increased to 
approximately 8 mm this effect disappeared. 
The choice of anode materials greatly affects the FFC Cambridge process. On the 
most basic level the material will affect the overall cell potential required for reduction, i.e. 
forming CO or CO2 is more efficient then 02 or C12. However during reduction small 
amounts of carbon detach from the anode and form a conductive slag that floats on the 
electrolyte, this can lead to short-circuiting of the electrochemical cell. 
The alternative to carbon anodes is inert anodes where either oxygen or chlorine is 
produced. The electrochemical predominance diagram shows that lower p02" would promote 
the formation of oxygen over chlorine. Therefore, while using an inert anode, CaO may be 
added to the electrolyte to lower the p02-. However, it could be argued that regardless of the 
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global p02- the local p02- at the anode surface will remain very high. This is because oxide 
is continuously oxidised to oxygen and released. If this is true it could be said that while 
using an inert anode chlorine evolution is inevitable. 
3.42 Ni2+ / Ni Reference Electrodes 
Ni2+ / Ni reference electrodes, shown in Figure 3.04, are used during 
experimentation as they operate at a fixed potential, allowing the position of the other 
electrodes to be measured. They were preferred to the more conventional AgC12 / Ag 
reference electrode as silver is extremely soft at the operating temperature (mp. 962°C) and 
as such the likelihood of wire breaks is increased. (962°C) The materials required to 
produce a NiCl2 / Ni reference electrodes are CaC12, NaC12, Pythagoras tubes (Na ion 
conductor) and Ni wire (1 mm 0). Initially the Pythagoras tubes are equilibrated at 373 K, 
approximately 0.6 g of CaC12 and were added to the tube. Initially some NaC12 was added to 
account for sodium loss from the mullite, however it was found that this did not have a 
tangible effect on the life or stability of the electrode, thus the practice was stopped. The 
tube and salt were then heated to 573 K at 0.1 K min-1 and were then equilibrated for a 
minimum of 3 h. The tubes were then filled with argon and nickel wire was placed down the 
length of the tube. The tube was sealed using a silicone cap, which was pierced by the nickel 
wire which protruded out of the tube. The electrode was then heated to 1173 K in the 
reaction vessel at a rate of 3 K min-1. Once at reaction temperature the salt melts allowing 
the nickel wire to be lowered into the electrolyte, which is then allowed to equilibrate for 15 
min. An anodic pulse is then applied to the electrode versus a counter electrode (carbon 
anode or titanium 3mm rod). The anodic pulse was limited to 200 µA and the desired 
number of coulombs calculated using Faraday's law was passed to establish a 0.005 molal 
concentration of Ni2+ ions. The reference is then ready for use and will hold at a potential of 
-1035 mV (versus the standard chlorine electrode) at 900°C. This can be confirmed by 
polarising a titanium rod to -1900 mV of the reference at which point the current response 
from the formation of Ca is observed. 
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Figure 3.04 Ni24 /Ni reference electrode structure 
3.43 Working Electrodes 
The working electrode or cathode is the main focus of this research. The cathodes 
used at Imperial College London range from metal oxide precursors, thin metal oxide films 
and micro-cavity electrodes. The metal oxide precursors, which range from 1 g, are used to 
access the reduction characteristics in an industrial setting where factors such as porosity, 
electrolyte penetration etc are known to have a large influence. Thin film metal oxide and 
micro-cavity electrodes are used to ascertain the reduction characteristics in an ideal setting. 
This provides valuable information on the reduction pathway which can be used to better 
understand the reduction of precursors. 
Metal Oxide Precursor Electrode 
50 mm of a titanium rod (grade 2 CP-Ti) is threaded, the metal oxide precursors can 
then be 'screwed' on. This results in an intimate contact between metal oxide and rod and 
negates the need to use nuts or elaborate meshes to support the precursor. During reduction 
the precursor was lowered into the electrolyte such that the precursor was fully submersed 
but a minimum of titanium rod is in contact with the electrolyte. A minimum amount of 
titanium rod is desired in the electrolyte to reduce the overall electrode area, thus improving 
current densities and efficiency of reduction. However care must be taken to fully submerge 
the precursor to avoid any contact with slag that is possibly floating on the electrolyte. 
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The production of metal oxide precursor involves the mixing and blending of one or 
more metal oxides together. This was done by mechanically dry mixing the metal oxide 
powders together with small quantities of water. However it was found that this process did 
not achieve satisfactory break down of particle agglomerates or homogenise the distribution 
of powders. A more vigorous approach was adopted where the metal oxides were combined 
and ball milled with ethanol and zirconia spheres for 24 h. The slurry was then dried and the 
powder ground in a mortar and pestle with a small quantity of distilled water. One gram of 
powder was placed in a 13 mm diameter die prior to uniaxial compaction at 100 MPa for 60-
90 seconds, the pellet was then drilled using a 3.5 mm - 4.5 mm high speed tool steel drill 
bit, to accept the titanium rod. The pellets were then sintered in argon (BOC pureshield — 
150 mL min') at 1373 K for 3 h at a rate of 3 K 	to remove moisture and to provide 
sufficient green strength to the withstand the reduction process. TiO2 spacers were placed 
underneath the preform during sintering to prevent contamination from the alumina troughs. 
The final sintered pellets were 13 mm in diameter and weighed 0.8 g. The open porosity 
within these pellets was measured suing the Archimedes principal and found to be 
approximately 50-60 % porous. 
Metal Oxide Thin Film Electrodes 
These electrodes are manufactured by thermally growing an oxide layer onto a metal 
rod. In the case of titanium, grade 2 CP-Ti rods (3 mm 0 and 500 mm length) are abraded to 
remove surface impurities and then subjected to 973 K in air for 60 h and results in a 10 gm 
thick layer. This temperature was chosen to avoid formation of titanium suboxides which 
have extremely poor oxygen diffusion and would hamper further film growth. One of the 
major limitations of this technique is that the lower metal oxides cannot be prepared (TiO, 
Ti2O3 etc). In addition it is problematic to study mixed metal oxides or doped oxides. 
Metal-Cavity Electrodes (MCE) 
As discussed earlier, metal oxide thin film and precursors electrodes have been used 
to study the FFC Cambridge process. The results obtained from the metal oxide precursors 
are the most relevant when considering an industrial process, however at times it is 
interesting to consider the ideal reduction to further understand certain aspects of the 
reduction. MCEs can be used to reduce powders via the FFC Cambridge process. The 
electrode consists of a 1 mm diameter hole in a 0.1 mm thick piece of molybdenum foil and 
is shown in Figure 3.05. Powders can then be compacted into this hole and reduced. 
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Figure 3.05 Schematic of a molybdenum metal-cavity electrode 
This type of electrode allows the reduction of milligrams of powder thus avoiding 
the effects of porosity, electrolyte circulation etc. Unfortunately there are some limitations to 
this electrode. Firstly as a result of reducing milligrams of material the products after an 
experiment cannot be determined quantitatively. Secondly without accurately knowing the 
mass of material being reduced it becomes very difficult to compare voltammeric scans to 
one another as the mass of material reduced will vary widely. Thirdly the micro-cavity 
design makes the packing of powders extremely arduous and is as follows. Powders were 
ball milled and ground as described earlier. A small quantity of powder was placed on a 
glass slide. The MCE was then placed on top with an additional quantity of powder over the 
hole. The pile was then pressed using a stainless steel spatula. Excess powder was then 
brushed off until powder remained solely in the micro-cavity. 
3.5 Cleaning and Metallographic Preparation of Metal 
Oxide Precursors 
After an experiment the sample is raised into the cold zone of the reactor (near the 
top plate) for approximately 15 minutes, the sample is then removed from the reactor and 
allowed to cool in air. As stated previously, after long reductions a slag can form on the 
surface of the electrolyte, thus as a sample is withdrawn from the electrolyte it inevitably 
traverses through the slag. Thus after the reduction process the sample will have a large 
amount of electrolyte and slag on the surface. The surface deposits are removed by washing 
with distilled water and approximately 1 h in an ultrasonic cleaner. If the sample was fully 
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ceramic then it would be placed into a beaker of distilled water and left for 24 h to remove 
residual salt entrapped in closed porosity. If the sample was metallic or has a metallic layer it 
was cut using an accutom prior to a 24 h soak. This removed salt that was previously 
entrapped in closed pores but was opened after the cut. After the 24 h soak the sample is 
dried, half the sample was mounted in epoxy resin while the other half was prepared for X-
ray diffraction (XRD). Samples were mounted in Struers Epofix Resin and Hardener using a 
vacuum impregnation unit, thus all open porosity within the sample was filled with epoxy 
resin. Once hardened the epoxy, within the pores, will support the sample and give the 
samples enough mechanical strength to undergo preparation for secondary electron 
microscope (SEM). Without epoxy impregnation the ceramic samples tended to crumble 
during grinding and polishing. 
Once mounted in epoxy the samples were subsequently ground using a Struers 
RotoForce and Rotopol system with silicon carbide papers (Struers). The grinding procedure 
involved papers with 500, 800, 1200, 2400 and 4000 grit used for 3, 3, 5, 8 and 12 mins 
respectively with an applied force of 10 N. A final polishing step using a Struers MD chem 
cloth in conjunction with a colloidal silica solution (OPS) solution for 10 min, followed by a 
water rinse for 15 min, under an applied force of 15 N. The samples were washed and 
acetone, dried and then placed in a vacuum prior to SEM analysis. 
For XRD the samples were prepared as follows. Metallic samples were prepared by 
grinding the surface of the sample flat. Ceramic samples were ground into a fine powder in a 
pestle and mortar. For samples where layers could be distinguished by eye, the individual 
layers were separated using a scalpel and tweezers. Once separated the layers were analysed 
individually. 
3.6 Analysis 
The SEMs used to characterised the samples were a JEOL 840 SEM and a GEMINI 
field emission gun (FEG) SEM. Typical operating parameters, unless otherwise specified, 
are 12 mm working distance and 20 kV accelerating voltage. XRD analysis was conducted 
on a Phillips PW 1710 diffractometer using a-Cu radiation and a nickel filter, with an 
accelerating voltage of 40 kV and a current of 40 A. 
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3.7 Electrochemical Techniques
3.71 Controlled Potential/Voltage Experiments
Constant potential experiments describe a situation where the potential difference
between the working and reference electrode are fixed by a potentiostat. The resulting
current response is measured. However, the resulting current-time data is of little interest
when considering the reduction of precursors as numerous works have shown the current
response to be a result of kinetic effects (§2.16) (i.e. formation of layers) rather than
thermodynamic events (i.e. reduction events).
Constant voltage experiments describe a situation where the overall cell voltage is
controlled, i.e. the potential between the working and counter electrodes is controlled.
Theoretically the equilibrium potential of the counter electrode is not fixed, as it is
dependent on what products are being formed and the oxide content of the electrolyte.
However, in practice during reduction it is logical that the electrolyte surrounding the
counter electrode is extremely depleted. In addition if using a carbon based counter electrode
then the product being formed at the anode is most likely CO or CO2• Thus in practice the
equilibrium position of the counter electrode is fixed on the far right of the CO / CO2 lines
on the electrochemical predominance diagram.
In practice both techniques result in very similar reductions. The potentiostats used
at Imperial College London have a current limit of 1000 rnA. Unfortunately the reductions
of 1 g often break this 1000 rnA and result in a mixed state reduction, which is undesirable.
Thus to obtain more consistent results the experimentation on metal oxide precursors at
Imperial College London are done using the controlled voltage technique, like most
reductions described in literature.
3.72 Oxide titrations
The oxide titration technique is used to determine the oxide content of the
electrolyte. The underlying principal is quite simple. A mass of electrolyte is dissolved into
water, Phenophthalein is added to the solution which turns a pink colour when CaO is
present. Dilute HCI is continually added in increments and reacts with the CaO present via
reaction (3.01). Once all the CaO has been reacted the solution becomes clear. If the mass of
salt dissolved and the amount of HCI used is known then the wt. % CaO can be calculated
using equation (3.02).
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CaO + 2HC1 = CaC12 + H2O 	 (3.01) 
wt%Ca0 =
VHCI .f x100% 
	
(3.02) 
M salt 
The exact procedure used is as follows. A pipette and Pyrex tube is used to 
withdraw a quantity of electrolyte. The salt is then removed from the Pyrex tube and 
measured. The salt is then dissolved into 40 to 50 mL of de-ionised water in a conical flask 
on a hot plate, which is heated to approximately 58°C. Once the salt has been dissolved, 
three drops of phenophthalein and a magnetic stirrer are added. The magnetic stirrer ensures 
the solution is mixed thoroughly during titration. A 50 mL burette filled with 0.0354 % HCl 
that is added incrementally to the solution, until the solution turns clear. 
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Chapter 4 Titanium-Molybdenum System 
4.1 Preface 
With increasing life spans and an ageing population the need for replacement joints 
is becoming increasingly evident. CP-Ti has been extensively used as orthopaedic implant 
materials due to the excellent biocompatibility, high corrosion resistance, low weight and 
good mechanical properties. Ti-6A1-4V has also been used as the alloying additions 
improved the strength of the material, thus smaller and more robust implants can be made. 
However studies show that the release of aluminium and vanadium ions into the body from 
Ti-6A1-4V cause long term health issues, such as peripheral neurothapy, osteomalacia and 
Alzheimer disease [82, 83]. In addition, both CP-Ti and Ti-6A1-4V alloys exhibit elastic 
moduli that are significantly higher than bone (Table 4.01), which exacerbates bone loss via 
stress shielding [70]. As such there is significant interest in titanium-molybdenum alloys and 
p Ti alloys in general due to their exhibited low elastic modulus, high strength and improved 
biocompatibility. 
Table 4.01 Mechanical properties of bone, CP-Ti, Ti-6A1-4V and Ti-15Mo (aLong et al. 
[84] bHo et al. [70] eNiinomi [71] dJablokov et al. [85] e Wang [73] 
Material E (GPa) Yield Stress 
(MPa) 
Hardness (VHN) 
Bone 10-40a 
CP-Ti 926 102.7c 156b 
Ti-6A1-4V 105b,101-114e 98.4d 795-869e 795d 2946 
Ti-15Mo 71", 78a 77.7d 78e 544c 483d544e 307" 
The production of Ti-15 wt. % Mo (Ti-15Mo) via conventional means is an arduous 
process requiring multiple stages of processing. For example, Nag et al. [74] produced Ti-
Mo alloys by melting titanium and molybdenum in a copper hearth with a tungsten 
electrode. The melting chamber was first evacuated and back filled with argon gas. 
Segregation effects are prominent in this alloy system due to differences in densities and 
melting points of titanium and molybdenum, thus the material was then re-melted several 
times to ensure chemical homogeneity. The titanium sponge was most likely produced via 
the Kroll process [86], a pyro-metallurigical process involving the chlorination of rutile to 
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form titanium tetrachloride (TiC14), which is subsequently reacted with magnesium to form 
titanium sponge. This process will typically take ten days to two weeks to produce titanium 
sponge from rutile. 
This section will demonstrate that the production of Ti-Mo can be achieved via the 
FFC Cambridge process by documenting the electrochemical formation of Ti-15Mo from 
mixed oxide precursors. Analysis of several reduced (Ti,Mo)02 precursors removed at 
different intervals in the reduction process will elucidate the reduction pathway and 
catalogue the phases formed during reduction. It is envisaged that production of 
homogenous low-oxygen Ti-Mo alloys from metal oxides, including all preparation steps, 
would take days as opposed to several weeks via conventional routes. 
4.2 Results and Discussion 
The thermodynamics of the Ca-Ti-O-C1 and Ca-Mo-O-C1 systems can be 
characterised by constructing electrochemical predominance diagrams as described by Dring 
et al. [10]. Constructions of the previously mentioned systems at 1173 K are shown in 
Figure 4.01. The oxidation potential of the electrolyte to form C12 is defined as 0 mV 
(S.CI.E) on these diagrams. The lower limit of the vertical axis is defined as the reduction of 
the electrolyte to unit activity Ca which occurs at -3231 mV, thus the range shown in Figure 
4.01 represents the electrochemical window where the electrolyte is stable. The horizontal 
axis is defined as the negative log of the oxide activity in the electrolyte (p02-). The left hand 
side of the diagram, low p02-, is dominated by high-oxygen ternary phases while the right 
hand side of the diagram, high p02-, is dominated by chloride phases. The oxide content of 
the electrolyte after pre-electrolysis was determined, by oxide titration, to be between three 
and four p02- on the electrochemical predominance diagram. 
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Mo-O-CI systems 
The formation of molybdenum oxychloride and chlorides seen in Figure 4.01, which 
are soluble in CaCl2, are thought to be the primary route by which the molybdenum 
additions are lost to the electrolyte. When more negative potentials are applied the dissolved 
oxychloride or chloride species often redeposit on the surface of the cathode, leading to 
compositionally inhomogeneous surface layers. Fortunately, molybdenum oxychloride and 
chlorides are formed at relatively high p02-, which decreases the likelihood of their 
formation, thus molybdenum losses to the electrolyte are minimised. 
The Mo-O equilibrium phase diagram (Figure 4.02) published by Brewer et al. [87] 
suggests that molybdenum has three oxides, MoO2, Mo4011 and MoO3. However, Ilori et al. 
[88] has deposited thin films of molybdenum monoxide by metallorganic chemical vapour 
deposition. The resulting monoxide thin film was characterised using Rutherdford 
backscattering spectroscopy, Fourier Transformed Infrared, UV—Visible spectroscopies, X-
ray diffraction and van der Pauw conductivity measurement and impedance spectroscopy 
measurement. Unfortunately, the monoxide is not commercially available and both Mo4011 
and MoO3  experience a phase change below the pellet sintering temperature (1373 K) and as 
such are unsuitable. As shown in the Ti02-MoO2 equilibrium phase diagram (Figure 4.03), 
at the sintering temperature and precursor composition employed MoO2 forms a solid 
solution with TiO2 [89]. By forming a solid solution with TiO2 there is an associated increase 
in electronic conductivity. The increase in electronic conductivity has not been accurately 
quantified in literature as during the experimentation the formation of MoO3 occurred. This 
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oxide would sublime and result in oxidising conditions which would reduce the electronic 
conductivity of TiO2, however, 1.0 mol. % addition of similar metal oxides such as Nb2O5 
and WO3 are known to increase the conductivity of TiO2 by three to four orders of 
magnitude [36]. For these reasons MoO2 was chosen above MoS2 and the other molybdenum 
oxides. Li et al. [90] has shown that molybdenum sulphates as well molybdenum oxides can 
be reduced via the FFC Cambridge Process. 
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The XRD trace (Figure 4.04a) of the sintered precursor showed TiO2 peaks, 
additionally X-EDS analysis of the particles revealed a composition of 45 wt. % 0, 47 wt. % 
Ti and 8 wt. % Mo throughout the precursor. Both these phenomena indicate that the MoO2 
has formed a solid solution with TiO2 to form (Ti,Mo)02. A BEI of the sintered precursor is 
shown in Figure 4.05a, minimal particle coarsening was observed with slight interconnect 
formation. 
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Figure 4.05 BEIs of reduced (Ti,Mo)02 precursors removed at different intervals in the 
reduction process a) Sintered precursor b) 600 s OCP c) 1 h d) 3 h e) 6 h core f) 6 h Ti alloy 
layer g) 9 h h) 20 h (Carbon coated) 
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When the precursor is initially lowered into the electrolyte there is a short time 
where it is in contact with the electrolyte and experiencing a mixed steady state potential. To 
understand what reactions take place at this time, a precursor was placed in contact with the 
electrolyte for 600 s, thus experiencing the mixed steady state potential, for a protracted 
period, which was determined to be -1300 mV vs. S.C1.E. Figure 4.05b is a BEI of this 
sample, which shows 10 gm formations of CaTiO3 among TiO2 particles with dispersed 
submicron Mo particles. The XRD trace (Figure 4.04b) of the sample revealed the presence 
of CaTiO3, molybdenum and Ti02. The electrochemical predominance diagram (Figure 
4.01) indicates that at the steady state potential the first reaction to take place would be the 
reduction of MoO2 to molybdenum via reaction (4.01). It is possible that some electron flow 
occurs via the potentiostat facilitating the reaction. It is also possible that electron flow 
occurs locally between the Ti current collector and the MoO2, which results in the reduction 
of MoO2 and the oxidation of titanium. A third possibility is that the pre-electrolysis step 
resulted in the reduction of the CaC12 or CaO to calcium, which is soluble in the electrolyte 
and could initiate the reduction of MoO2 to molybdenum. When this reduction occurs the 
oxide released in that reaction would then lower the p02- of the electrolyte contained in the 
surrounding pore, this would augment the chemical formation of CaTiO3 via reaction (4.02) 
according to the electrochemical predominance diagram. This would indicate that the 
formation of CaTiO3 in this system is inevitable as the local oxide activity in the pores of the 
sample is greatly influenced by the reduction of the surrounding material. X-EDS analysis of 
the CaTiO3 indicates complete solid immiscibility with molybdenum. X-EDS analysis of the 
TiO2 particles revealed a composition of 45 wt. % 0, 49 wt. % Ti and 6 wt. % Mo, evidence 
that some molybdenum remains in solid solution with TiO2 as (Ti, Mo)02. 
MoO2 + 4e Mo + 202- 	 (4.01) 
Ti02+ Ca2+ + 02- 4 CaTiO3 	 (4.02) 
The XRD trace of the sample after 1 h of reduction (Figure 4.04c) exhibited peaks 
for TiO, molybdenum and CaTiO3. Figure 4.05c showed TiO particles in a CaTiO3 matrix 
with sub-micron Mo particles. The morphology of the TiO particles suggests that they have 
been reduced from the (Ti,Mo)02 particles via reaction (4.03). In addition the TiO particles 
have significant internal porosity, which would coincide with the reduction in mass from 
reaction (4.03). The X-EDS analysis of the TiO particles reveals a composition of 25 wt. % 
0, 49 wt. % Ti and 26 wt. % Mo, indicating that the TiO detected in the XRD trace is in fact 
a solid solution of (Ti, Mo)O. X-EDS analysis also shows that CaTiO3 remains immiscible 
with Mo. It is interesting that the Ti407, Ti305 and Ti203 phases were not observed in these 
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in these particles throughout the sample. This is most likely because molybdenum does not 
possess a 3+ or mixed valence states that Ti has in these oxides. Thus molybdenum in solid 
solution stabilises the 2+ and 4+ valence states resulting in the reduction of TiO2 to TiO, via 
reaction (4.03), without the intermediary titanium oxides forming. 
TiO2 + 2e- TiO + 02- 	 (4.03) 
TiO is a highly conductive phase, the addition of molybdenum in solid solution to 
form (Ti, Mo)O will further improve the electronic conductivity of this phase. The high 
volume fraction of (Ti, Mo)O particles observed in Figure 4.05c would lead to a highly 
conductive particle network throughout the sample, which would improve the overall 
conductivity of the sample thus accelerating reduction. Although the molybdenum particles 
observed are also highly conductive, it is believed the low fraction observed has a negligible 
effect on conductivity compared to the effect of the (Ti, Mo)O particles. 
The same phases were observed, using XRD, after 3 h of reduction (Figure 4.04d), 
with increased quantities of Mo and TiO. A BEI of the 3 h sample (Figure 4.05d) showed an 
overall reduction in porosity and coarsening of the molybdenum particles. The higher 
quantities of TiO observed indicates that a proportion of the CaTiO3 has reduced to TiO via 
reaction (4.04), resulting in a general dilution of the molybdenum content in the (Ti, Mo)O. 
CaTiO3 + 2e - TiO + Ca2+ + 202- 	 (4.04) 
After 6 h of reduction the sample had two distinct regions, which could be identified 
by eye as a dark ceramic core surrounded by a shiny metallic layer. The formation of this 
layered structure (Figure 4.06) is thought to proceed, thus, the sample reduces from the 
surface inward eventually forming titanium particles. The titanium particles then sinter 
forming a semi continuous metal layer which restricts electrolyte flow into the sample. Any 
reduction within the core would then lower the local p02- of the electrolyte trapped in the 
core. The electrochemical predominance diagram (Figure 4.01) shows that more negative 
potentials are required for the reduction of oxides as the p02- is decreased, therefore, 
retarding further reduction of the core. The XRD trace of the ceramic core (Figure 4.04e) 
indicates the presence of CaTiO3, Mo, a Ti and 13 Ti. The corresponding BEI of the core 
(Figure 4.05e) evinces 3 pm Ti particles (a Ti and (3 Ti) and micron sized molybdenum 
particles in a CaTiO3 matrix. It should be noted that as a result of the interaction between the 
titanium and molybdenum particles, the reduction potential of titanium will be made more 
positive, thereby improving the reduction process. The composition of the titanium particles, 
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as determined by X-EDS analysis, was 12 wt. % 0, 79 wt. % Ti and 9 wt. % Mo. It is 
believed that the titanium particles formed from the reduction of (Ti,Mo)O via reaction 
(4.05). Additionally it is thought that the CaTiO3 reduces to TiO via reaction (4.04), the TiO 
product is then reduced to titanium via reaction (4.05) which further drives the reduction of 
CaTiO3 via reaction (4.04). The electrochemical predominance diagram shows that it is also 
possible for CaTiO3 to reduce directly to titanium via reaction (4.06), though the p02- of the 
electrolyte would have to be close to 0. This level of p02- could be achieved if the metallic 
layer surrounding the core restricted electrolyte flow out of the precursor thus preventing 
oxide escape and decreasing the local p02- within the precursor. 
Figure 4.06 Macro-BEI of the (Ti,Mo)02 precursor reduced for 6 h, showing a layered 
structure 
TiO +2e- 	Ti + 02- 	 (4.05) 
CaTiO3 + 4e- --> Ti + Ca2+ + 302- 	 (4.06) 
The deoxidation of titanium is the slowest step in the reduction of TiO2 to low 
oxygen titanium. This is for two reasons; first, oxygen diffusion in titanium is far lower than 
in titanium oxides and secondly, at the electrode potential required to deoxidise titanium, the 
formation of calcium via the breakdown of the electrolyte at less than unit activity will 
increase the conductivity of the electrolyte, thus reducing the efficiency of reduction. This 
effect can be seen on the electrochemical predominance diagram (Figure 4.01) where the 
activity of calcium formation for 1x10-3 and 1x10-6 are shown. Dring [79] compiled the 
works of several researchers which shows that the oxygen diffusion is at least an order of 
magnitude greater in 13 Ti than a Ti. In the reduction of pure TiO2 a Ti would form from the 
reduction of TiO. Q  Ti would become the stable phase once a Ti was deoxidised below 3 at. 
% 0. However the addition of molybdenum stabilises 13 Ti allowing it to exist at higher 
oxygen contents. Farrar et al. [91] constructed the titanium rich corner of the Ti-Mo-0 
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equilibrium ternary phase diagram (Figure 4.07). This phase diagram indicates that as little 
as 5 wt. % Mo would be required to stabilise 13 Ti at oxygen contents of TiO. The formation 
of 3  Ti after TiO is reduced would significantly increase the rate of reduction deoxidation of 
titanium in the FFC Cambridge process. 
Ti 	10 	20 	30 	40 
	
50 
	
60 	Mo 
wt. molybdenum 
Figure 4.07 Titanium rich corner of the Ti-Mo-O equilibrium ternary phase diagram at 
900°C (redrawn from Farrar et al [91].) 
Farrar et al. [91] also collected data on the effect of molybdenum on the titanium at 
different temperatures and oxygen contents. This data was colated and presented in terms of 
the effect on the aT, to cc-ri+PT,  and the an-FOT, to 13-ri transformations which can be seen in 
Figure 4.08. The figure shows that molybdenum has significant influence on the a1, to 
curi+f3T, transformation. The data also suggests that the an-FPTI to 13T, and aT, to TiO 
transformations remain relatviely unaffected. 
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Figure 4.08 A schematic showing the effect of molybdenum on the 13 isomorphous phase 
diagram 
The metallic layer of the 6 h reduction seen in Figure 4.05f is a mixture of a Ti and 
Ti though predominantly 13 Ti (Figure 4.040. X-EDS analysis indicates the bulk 
composition of this layer to be 5 wt. % 0, 81 wt. % Ti and 14 wt. % Mo, so the layer can be 
categorized as a titanium alloy layer. The presence of this metallic layer effectively encases 
the ceramic core. This has negative effects where lack of electrolyte penetration and flow 
would results in the lowering of the p02- of the electrolyte in the core until saturation. The 
electrochemical predominance diagram (Figure 4.01) shows that as the p02" is lowered oxide 
Chapter 4 	 Titanium-Molybdenum System 	 89 
phases and CaTiO3 require a more negative potential to reduce, making the reduction more 
inefficient. Oxide saturation of the electrolyte would manifest as the precipitation of CaO. 
This is not observed thus it is believed that macro-cracks form as the titanium alloy layer 
continues to sinter. Once a macro-crack penetrates to the core the trapped oxide rich 
electrolyte can escape from the core, resulting in a dramatic increase in p02", which would 
accelerate the reduction of the phases in the core. However, it is possible that the CaO is 
removed while being washed after reduction. However, no CaO is observed in closed 
porosity, which would be shielded during washing. 
Once subjected to reduction for 9 h a fully metallic sample with a bulk composition 
of Ti-15Mo with 4 at. % 0 was retrieved. The XRD trace (Figure 4.04g) showed the sample 
was a mixture of a Ti and p Ti. The centre of the sample (Figure 4.05g) had a notably 
different microstructure when compared to the majority of the sample, which was similar to 
that seen in Figure 4.05f. This difference in microstructure indicates that the centre was not 
as deoxidised to the same extent as the majority of the sample, which resulted in the region 
not achieving a full p Ti solid solution. Since the reduction proceeds from the surface 
inward, it is logical that the centre of the sample would be the least reduced region of the 
sample. 
At 15 hours of reduction the XRD trace (Figure 4.04h) showed that the same phases 
were present that were in the 9 h sample. X-EDS determines the composition of the bulk to 
be Ti-15Mo with 3 at. % 0. Therefore, an additional 6 h of reduction resulted in a removal 
of 1 at. % 0, this demonstrates the slow reduction kinetics during the deoxidation of 
titanium relative to the reduction of the titanium oxides. 
After 20 h of reduction. The XRD trace (Figure 4.04i) revealed the presence of a Ti 
and p Ti. A BEI (Figure 4.05h) of the sample showed a low-porosity microstructure 
indicative of a fully p Ti hypo-eutectoid alloy with an average grain size of 6 gm. The Ti-
Mo phase diagram (Figure 4.09) indicates that upon equilibrium cooling from 1173 K such 
an alloy would pass through the P-transus, resulting in a Ti nucleating at the favourable 
grain boundary sites. The a Ti formed at the grain boundaries would have a molybdenum 
content of approximately 3 wt. % Mo, further a Ti formation would enrich the remaining p 
Ti with Mo. Eventually the remaining 13 Ti would reach the eutectoid composition (21 wt. % 
Mo) and a eutectoid structure would form. However the samples in this study were not 
equilibrium cooled but furnace cooled, thus there is an absence of eutectoid structure. The 
bulk composition of the sample determined by X-EDS was Ti-15Mo with 0.2 at. % 0. The 
current-time plot for the sample reduced for 20 h can be viewed in Figure 4.10. 
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Figure 4.10 Potential-current-time plot for the pellet reduced for 20 h (potential vs. Ni2+/Ni 
reference) 
A final 45 h reduction was completed to observe the effects of longer reduction 
time. The additional 25 h of reduction time resulted in very little change in microstructure 
and composition. However an increase in the average grain size, from 6 ttm to 12 pm, was 
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observed and can be seen in Figure 4.11. The grain growth was attributed to the extended 
period of time spent at reaction temperature (1173 K). 
Figure 4.11 BEI of the (Ti,Mo)02 precursor reduced for 45 h 
CaCO3 particles were observed deposited on the surfaces of the samples reduced for 
9 h and 15 h samples while TiC particles were observed on the surfaces of the samples 
reduced for 20 h and 45 h. CaCO3 most likely forms when the CO2 bubbles released at the 
anode during reduction interact with oxide in the electrolyte via reaction (4.07). At the latter 
stages of reduction the CaCO3 particles would reduce via reaction (4.08), resulting in carbon 
deposits on the surface of the sample, which then chemically react with the sample to 
forming TiC via reaction (4.09). 
CO2 + 02 4 C032 (4.07) 
CaCO3 + 4e 4 CaO + 202- + C (4.08) 
Ti + C 4 TiC (4.09) 
4.3 Conclusions 
The formation of Ti-15Mo alloy from (Ti,Mo)02 sintered precursors was 
successfully achieved via the FFC Cambridge process. No molybdenum loss was observed 
throughout reduction, indicating negligible formation of Mo oxy-chloride and chloride 
species. A nominal grain size of 6 gm after 20 h and 12 gm after 45 h of reduction was 
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observed in a microstructure consistent with a hypo-eutectoid p Ti alloy that has been 
furnace cooled through the f3-transus. 
Analysis of several partial reductions showed that the initial step in deoxidation was 
the partition of some Mo02 from (Ti, Mo)02 and subsequent reduction to Mo via reaction 
(4.1). The consequent release of oxide lowers the local p02" of the electrolyte which 
augments the formation of CaTiO3 via reaction (2). It was found that CaTiO3 had complete 
solid immiscibility with molybdenum. The remaining (Ti, Mo)02 particles then reduce to 
(Ti, Mo)O with significant quantities of molybdenum in solid solution. Eventually some 
CaTiO3 will reduce to TiO via reaction (4) leading to a general dilution of the Mo content in 
the (Ti, Mo)O. The (Ti, Mo)O and CaTiO3 then reduces to titanium via reactions (4.04), 
(4.05) and (4.06) at which point the titanium began to deoxidises. Molybdenum particles are 
not observed in the metallic surface layer of the 6 h reduction, indicating quick dissolution 
when titanium is present in its ground state. 
Several of the lower titanium oxides were not observed during reduction, this is 
because molybdenum exhibits 2+, 4+ and 6+ valence states. Thus while in solid solution 
with titanium, molybdenum will not conform to the mixed and 3+ valence states seen in 
Ti407, Ti305 and Ti203. Thus (Ti,Mo)02 will reduces to (Ti, Mo)O bypassing the 
intermediate titanium oxides. By avoiding the formation of these oxides we reduce the 
number of crystallographic changes the sample goes through, which will improve the 
mechanical integrity of the sample during reduction. In addition the early formation of 
highly conductive (Ti,Mo)O particles would provide a conductive network throughout the 
CaTiO3, improving the conductivity of the sample, which leads to a more homogenous 
reduction process. 
The slowest stage during the reduction of TiO2 is the deoxidation of titanium as the 
rate limiting factor is the rate of oxygen diffusion in Ti. Oxygen diffusion is an order of 
magnitude grater in p Ti than that of a Ti. Thus the stabilisation of p Ti at oxygen contents 
close to (Ti, Mo)O would significantly improve the latter stages of reduction, when 
compared to the reduction of TiO to a Ti. This in conjunction with the conductive (Ti, Mo)O 
network seen after 1 h and 3 h (Figure 4.05c and Figure 4.05d) of reduction make the 
reduction of (Ti, Mo)02 far more efficient than that of TiO2. 
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Chapter 5 Titanium-Tungsten System 
5.1 Preface 
The production of beta titanium alloys via conventional methods is an arduous 
process requiring multiple stages of processing. These alloys are conventionally produced by 
melting titanium sponge with alloying additions or master alloys. The titanium sponge is 
produced via the Kroll process [86], a pyro-metallurigical process involving the chlorination 
of rutile to form TiC14, which is subsequently reacted with magnesium to form titanium 
sponge. This process typically requires between ten days and two weeks to produce several 
tonnes of titanium sponge. When alloying titanium with r3 alloying additions segregation 
effects are prominent, as the alloying additions have a large difference in density and 
melting point to titanium, thus conventional processing involves several remelts. Alloying 
tungsten (density 19.25 g cm 3, melting point 3695 K) with titanium (density 4.507 g cm-3, 
melting point 1941 K) is an example of a system where, in addition to the segregation 
effects, extremely sluggish diffusion kinetics of tungsten in titanium make liquid melt 
processing not viable. 
The FFC Cambridge process has been used to produce several Ti based alloys 
systems via the reduction of mixed metal oxides. There has been work published on the Fe-
Ti, Ni-Ti, Ti-Mo and Ti-W systems; Ma et al. [93] reduced 2 g pellets of natural and 
synthetic ilmenite (FeTiO3) to FeTi in 4 h, however the pellets were encased in a 
molybdenum mesh, effectively increasing the electro-active area of the pellet which 
accounts for the short reduction time. Zhu et al. [17] reduced NiO-TiO2 sintered precursors 
to form Ni-Ti with low quantities of Ni3Ti in 8 h. Bhagat et al. [46] reduced (Ti,Mo)02 
sintered precursors to Ti-15Mo alloy in 9 h [94]. Dring et al. [95], as proof of concept, 
reduced Ti02+WO3 precursors to form a Ti-10W alloy. However, this paper will fully 
document the electrochemical formation of homogeneous Ti-10W, by analysing several 
partially reduced precursors. 
5.2 Results and Discussion 
WO3  is a n-type semiconductor and has a range of Magneli phases similar to that of 
TiO2, described in §2.2. As such, WO3 can accommodate large concentrations of oxygen 
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vacancies. The intercalation of oxygen vacancies in the WO3 host lattice produces an effect 
known as electrochromic colouration resulting in the various Magneli phases possessing 
different colours. While stoichiometric WO3 appears yellow, the Magneli phases (W.03n-1 
seen in Figure 5.01) W5014 and W4011 appear blue and purple respectively [96]. 
Atomic Percent Oxygen 
Figure 5.01 W-O equilibrium phase diagram (redrawn from Wriedt [97]) 
The as-received tungsten trioxide powder was green in appearance, indicating a 
mixture of WO3 and W5014, and as such, the unsintered Ti02-W03 precursors were also 
green. Sintering the precursors (1373 K) in air produced a yellow sintered precursor, 
indicating the domination of the stoichiometric WO3 phase. While sintering the precursor 
under argon produced a deep purple / blue sintered precursor, indicating that a majority of 
the tungsten trioxide exists as a mixture of W5014 and W4011. It has been shown in §2.2, that 
incorporation of oxygen vacancies into various metal oxides leads to an increase in the 
electronic conductivity. A similar increase in conductivity is expected for tungsten trioxide, 
thus W5014 and W4011 were preferred to stoichiometric W03; thus the precursors were 
sintered in argon. The XRD trace of the sintered precursor (Figure 5.02a) reveals the 
presence of Ti02, which is expected as the volume fraction of WO3 present is smaller than 
can be detected experimentally. The BEI of the sintered precursor (Figure 5.03a) confirms 
the presence of WO3 and shows a good distribution of WO3 and TiO2 that remain as discreet 
phases. This is predicted by the Ti02-W03 phase diagram (Figure 5.04), which shows that at 
the sintering temperature the two phases remain separate. 
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Figure 5.02 XRD traces for the (a) sintered precursor and partial reductions (b) exposed to 
electrolyte for 600 s, (c) 1 h, (d) 3 h, (e) 6 h core (0 6 h edge (g) 9 h core, (h) 9 h edge (i) 15 
h, (j) 20 h and (k) 30 h of reduction 
Chapter 5 	 Titanium-Tungsten System 	 96 
Figure 5.03 Back-scattered electron images of the (a) sintered precursor and partial reduced 
samples for (b) 600 s exposed, (c) 1 h core, (d) 1 h surface layer, (e) 3 h surface layer 
(Figure 5.06B), (f) 3 h intermediate layer — (Figure 5.07a) , (g) 3 h intermediate layer 
(Figure 5.07b), (h) 3 h core (Figure 5.06) (Carbon coated) 
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Figure 5.04 Ti02-W03 equilibrium phase diagram (redrawn from Chang et al. [98]) 
The electrochemical reduction of metal oxides in CaC12 can be described by 
constructing electrochemical predominance diagrams described by Dring et al. [10]. 
Constructions for the Ca-Ti-O-CI and Ca-W-0-C1 systems at 1173 K are shown in Figure 
5.05. The potential for the oxidation of the electrolyte to form C12 is defined as 0 mV. This is 
also known as the standard chlorine electrode (S.C1.E) potential. The lower limit of the 
vertical axis is where the reduction of the electrolyte to unit activity calcium occurs, which is 
at -3231 mV for 1173 K. 
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Figure 5.05 Overlaid electrochemical predominance diagram for the Ca-W-0-C1 and Ca-Ti-
0-Cl systems 
To understand what reactions take place when the sintered precursor is initially 
lowered into the electrolyte (i.e. while the sintered precursor is under steady state potential), 
a sample was exposed to the electrolyte for 600 s. The XRD trace for this sample (Figure 
5.02b) reveals the presence of the phases W-Ti (1:1 ratio), TiO2 and CaTiO3. At the steady 
state potential (-1200 mV) the electrochemical predominance diagram predicts that the first 
reaction to take place is the electrochemical reduction of WO3 to tungsten via reactions 
(5.01) and (5.02). This could occur as some current flows through the potentiostat, thus 
facilitating the electrochemical reaction. Alternatively, the titanium current collector, 
electrolyte and WO3 could form a local galvanic cell, which would facilitate the reduction of 
WO3 and oxidation of the titanium current collector. Another possible explanation for the 
reduction of WO3 is the presence of calcium at less than unit activity, which acts as a 
reductant and could chemically reduce the W03. The calcium could be formed during the 
pre-electrolysis step where CaO and the electrolyte are decomposed. 
Figure 5.02b shows the presence of the three phases detected by XRD. X-EDS 
analysis reveals that the W-Ti particles have a composition of 96 wt. % W and 4 wt. % Ti. 
The titanium content of these particles is believed to be the result of a limited 
homogenisation of WO2 with TiO2 after reaction (5.01). The presence of CaTiO3 in Figure 
5.03b corresponds well with the presence of the W-Ti particles. This is most likely because 
the rapid reduction of WO3 results in the release of a large quantity of oxide ions into the 
electrolyte, which results in a significant reduction in the local p02- of the electrolyte. This 
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would result in a shift to the left hand side of the electrochemical predominance diagram 
(Figure 5.05), which would increase the likelihood of the chemical formation of CaTiO3. 
The average composition of the CaTiO3 was 31 wt. % 0, 23 wt. % Ca, 33 wt. % Ti and 13 
wt. % W, showing that tungsten has significant solid solubility in CaTiO3. This solid 
solution will henceforth be denoted as Ca(Ti,W)03. When incorporating tungsten into 
calcium titanate, tungsten ions replace the titanium ions in the lattice, thus providing 
additional free electrons. This will lead to a large increase in the electronic conductivity of 
this phase, which is believed to be beneficial for the reduction process. 
WO3 + 2e" = WO2 + 02- 	 (5.01) 
C + 202" = CO2 + 2e" 
WO2 + 4e - w + 202. 	 (5.02) 
C + 202- = CO2 + 4e" 
After 1 h of reduction, the sample had two layers; the core of the sample and a —150 
pm thick surface layer. The morphology (Figure 5.03c) and phases detected by XRD (Figure 
5.02C) are similar to that of the 600 s exposed sample (Figure 5.03b), indicating that after 1 
h, little reduction within the core has taken place. The XRD trace for this sample (Figure 
5.02c) reveals the presence of TiO, TiO2, CaTiO3 and W-Ti, therefore presumably the TiO is 
present in the surface layer. The BEI of the surface layer of the sample (Figure 5.03d) shows 
the presence of TiO and CaTiO3. X-EDS analysis of these phases reveals that both phases 
had no tungsten content. Whilst this is expected for TiO, as tungsten does not possess a 2+ 
valence state, it is anomalous for CaTiO3. The authors have previously hypothesised that the 
formation of oxychloride and chloride phases is a mechanism by which metal oxides are lost 
to the electrolyte [94]. These losses are not noticed when a single metal oxide is reduced, 
however, when reducing mixed metal oxide precursors these losses manifest as changes in 
final alloy composition due to the different dissolution rates of the metal oxides. The 
electrochemical predominance diagram shows that these phases (Figure 5.05), such as 
TiOCI, WC1202 and in particular WC120, have large ranges of stability and exist at 
intermediary p02". As these phases can form at less than unit activity (since they are soluble 
in the electrolyte) the stability fields for these particular phases can be further extended. The 
valence state of tungsten in WOCl2 and WO2C12 are 4+ and 6+ respectively, thus, leading to 
losses of WO2 and WO3 from the sample via reactions (5.03) and (5.04). It is believed that 
this accounts for the tungsten depletion in the surface layer. Reactions (5.03) and (5.04) 
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show that the formation of tungsten oxychlorides leads to a release of oxide ions, which 
lowers the p02" of the electrolyte leading to a shift left on the electrochemical predominance 
diagram and therefore, decreasing the likelihood of further oxychloride formation. It is 
interesting to note, that the CaTiO3 at the surface layer, which is devoid of tungsten, and the 
Ca(Ti,W)03 in the core are not distinguishable by XRD. 
Nv02 = Nv02+ + 02- 
	
(5.03) 
W03 = W022+ + o2- 
	 (5.04) 
The XRD trace for the sample reduced for 3 h shows the presence Ti02, CaTiO3, 
TiO, W-Ti and a Ti. After 3 h of reduction (Figure 5.06) a layered structure is observed, 
which comprises of two thin surface layers and a core. However, by using higher 
magnification imaging, the core can be resolved into two regions; the inner and outer core. 
The inner core of the sample, seen in h, is similar to that seen for the core of the sample 
exposed to the electrolyte for 600s and reduced for 1 h (Figure 5.03b and Figure 5.03c), 
indicating that after 3 h of reduction the inner core remains largely unreduced. The outer 
core, shown in Figure 5.07, has a number of microstructural features. Upon closer inspection 
the features (Figure 5.030 appear to be made of three phases, which X-EDS indicates are 
CaTiO3, CaTi2O4 and W-Ti. X-EDS revealed that the CaTi2O4 product has a low solid 
solubility for tungsten. Schwandt et al. [15] observed a comproportionation reaction in the 
presence of large concentrations of CaTiO3 and TiO, which lead to the formation of CaTi2O4 
via reaction (5.05). It is believed that a comproportionation between Ca(Ti,W)03 and TiO 
would lead to the formation of CaTi2O4 and W-Ti particles, which is the reason why 
increased quantities of W-Ti particles are observed in the CaTi2O4 regions (Figure 5.030. 
The surrounding material (Figure 5.03g) appears to be a mixture of three phases, which X-
EDS indicates are CaTiO3, W-Ti and TiO. It is believed that the core material reduces in a 
similar way to that observed experimentally by Schwandt et al., where TiO2 precursors 
reduced through the various lower oxides to titanium. 
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Figure 5.06 Sintered precursor reduced for 3 h; a) surface layer high porosity b) surface 
layer low porosity (Carbon coated) 
Figure 5.07 Sintered precursor reduced for 3 h; a) CaTi2O4 and W-Ti features b) CaTiO3, 
W-Ti and TiO surrounding material (Carbon coated) 
CaTiO3 + TiO = CaTi2O4 	 (5.05) 
After 1 h of reduction the surface contains a mixture of CaTiO3 and TiO, which 
presumably transforms into CaTi2O4. The surface layer (both high and low porosity), seen in 
Figure 5.03e, which is a mixture of a Ti and W-Ti particles, is thought to be the result of the 
reduction of CaTi2O4 to Ti via reactions (5.06) and (5.07). One would expect that the W-Ti 
particles and product titanium particles would then begin to homogenise forming 13 Ti, as 
tungsten is an isomorphous 13 Ti stabiliser. However, the W-O-Ti equilibrium phase diagram 
(Figure 5.08) shows that the oxygen content in titanium directly affects the amount of 
tungsten that can be taken into solid solution. This is most likely due to the size of the 
substituting tungsten atom, which would impinge on the surrounding interstitial sites, in 
effect, making them unavailable to oxygen. 
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CaTi204 + 2e = 2TiO + CaO + 02- 	 (5.06) 
TiO +2e- = Ti + 02- 	 (5.07) 
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Figure 5.08 Ti-W-0 equilibrium ternary phase diagram (redrawn from Chang et al. [99]) 
Once reduced for 6 h, two distinct regions can be identified by the naked eye, the 
ceramic core (Figure 5.09a) and the metal surface layer unchanged from the 3 h surface layer 
(Figure 5.03f). The average composition of a Ti in the surface layer was determined to be 13 
wt. % 0, 84 wt. % Ti and 3 wt. % W, though the individual W-Ti particle composition 
varied. The interface region (Figure 5.09b) between the core and surface layer interestingly 
shows the CaTi204 reducing into particulate titanium. The XRD trace of the core (Figure 
5.02e) reveals the presence of the phases CaTi204, CaTiO3, W-Ti and a Ti. The BEI of the 
core and subsequent X-EDS analysis shows relatively small quantities of Ca(Ti,W)03, while 
the dominant phase appears to be CaTi204. This indicates that reaction (5.05) has proceeded 
further and is near to completion. The XRD trace of the surface layer of the 6 h reduction 
(Figure 5.020 shows the presence of a Ti and W-Ti and is very similar to the surface layer 
of the 3 h reduction (Figure 5.03e). 
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Figure 5.09 Back scattered images of partially reduced samples showing the (a) core region 
after 6 h, (b) interface region after 6 h, (c) surface layer after 9 h, (d) core region after 9 h, 
(e) 15 h, (f) 20 h and (g) 30 h (Carbon coated) 
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After 9 h of reduction the sample has two layers that could be resolved by eye; a 
surface layer (measured by SEM to be 700 gm) and a core. The surface layer was 
determined, by XRD, to be a mixture of a and 13 Ti. The lack of W-Ti detected by XRD 
suggests that homogenisation of the tungsten has taken place. Whereas in the sample 
reduced for 3 h and 6 h, the surface layer was an agglomerate of titanium particles, the 
surface layer of the sample reduced for 9 h (Figure 5.09c) appears to have sintered and 
become a semi consolidated layer. This consolidation will, in effect, restrict electrolyte 
penetration into the core. Thus, oxide ions ejected from further reduction within the core 
would be trapped and lower the local p02- of the entrapped electrolyte. The electrochemical 
predominance diagram demonstrates that as the p02- is lowered, the potential required to 
reduce a metal oxide becomes more negative, thus unfavourably impacting further reduction 
of the unreduced core. 
Previous samples (1 h, 3 h and 6 h) appear to have a reduction front proceeding from 
the surface inward, which results in the formation of layers. However, the core of the sample 
reduced for 9 h appears to be reducing as a whole. The major phase within the core after 6 h 
of reduction was CaTi2O4 (Figure 5.09a). After 9 h, the BEI (Figure 5.09d) shows it consists 
of CaTiO3 and a small volume fraction of TiO features surrounded by titanium particles. It is 
thought that this occurs as some of the CaTi2O4 acts as a solid electrolyte, i.e. transporting 
oxide ions from the reducing metal oxide to the entrapped CaC12. The local p02" of the 
electrolyte continues to decrease and it is believed that at eventually the flux of oxide ions 
entering the CaTi2O4 becomes greater than that leaving. This is achieved by filling the 
oxygen vacancies within CaTi2O4. This continues until CaTi2O4 saturates, at which point a 
dissociation of CaTi2O4 to CaTiO3 and TiO occurs via reaction (5.08). 
CaTi2O4 = CaTiO3 + TiO 
	
(5.08) 
After 15 h of reduction, the XRD trace reveals the presence of the phases W-Ti, a Ti 
and Ti. The W-Ti particles are inhomogenously distributed throughout the sample, with 
relatively high volume fractions at the centre of the sample (Figure 5.09e) and very low 
volume fractions at the extremities of the sample. This effect, as described earlier, is likely 
due to the difference in oxygen contents of the reduced titanium. X-EDS analysis showed 
that the titanium within the core had several weight percent more oxygen than the 
extremities. Other than the W-Ti particles, the titanium matrix material is typical of that 
predicted by the Ti-W equilibrium phase diagram (Figure 5.10), which suggests that at the 
reduction temperature, the microstructure of a fully deoxidised Ti-10W alloy would be a 
fully 13 Ti solid solution. Upon equilibrium cooling, a. Ti would nucleate at the grain 
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PTi 
boundaries, which are the most thermodynamically favourable sites for transformation. The 
a Ti formed would have a relatively low tungsten content (approximately 1-2 wt. % W), thus 
as more a Ti is formed, the remaining 13 Ti becomes increasingly tungsten rich. Eventually 
the sample would reach 740°C and the remaining material would undergo the eutectoid 
transformation. The microstructure seen in Figure 5.09e indicates that this is an accurate 
assessment. 
3500 	  3422°C 
L 
mg. ea 	
I ea 
• •••• ••• ••• • 
• I • ••• ••• 	
ow. 	
• Vs I 	
er• al• • ONO 	
• 
I670°C 
-882°C 
----- 
1250°C 
- 
740 ± 20°C " •  
3000 
2500 
0 
2000 
.> 1500 
1000 
500 	
aTi ,  
0 	10 20 30 40 50 60 70 80 90 100 
Weight %. Tungsten 
Figure 5.10 Ti-W equilibrium binary phase diagram (redrawn from Murray [100]) 
The samples reduced for 20 h (Figure 5.090 and 30 h (Figure 5.09g) both exhibit 
typical furnace cooled structures with little or no residual W-Ti particles. This indicates that 
the titanium within the samples has been deoxidised to below 3 wt. % 0, where all the 
remaining W-Ti particles have dissolved into the surrounding titanium. This is further 
confirmed by XRD analysis, which shows the presence of a Ti, R  Ti and no W-Ti. The 
samples reduced for 20 h and 30 h were determined to have oxygen content of 0.6 wt. % and 
0.4 wt. % respectively. An average grain size of 5 and 7µm is observed in the samples 
reduced for 20 h and 30 h, respectively. 
5.3 Conclusions 
Ti02-W03 precursors were formed by sintering TiO2 and WO3 powders together. 
Precursors sintered in argon were blue / purple in colour, which indicates the majority of the 
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tungsten trioxide exists as W5014 and W4011 stoichiometries. The precursors sintered in air 
were yellow in colour, indicating the presence of the stoichiometric WO3 phase. As the 
conductivity of the tungsten oxide Magneli phases is greater than W03, the former were 
preferred. Thus, all precursors were prepared by sintering under argon. 
Ti-10W was successfully formed by electrochemically reducing mixed TiO2-W03  
sintered precursors. It was found that the reduction initiated with a rapid reduction of WO3 to 
W-Ti via reactions (5.01) and (5.02). The presence of titanium in the W-Ti particles is most 
likely due to a homogenisation between TiO2 and WO2 post reaction (5.01). The rapid 
reduction of WO3 leads to a significant release of oxide ions which significantly lowers the 
local p02" of the electrolyte, and thus, favours the formation of Ca(Ti,W)03. This phase is 
believed to be the main route by which tungsten homogenisation occurs during reduction. 
Between 1 h and 3h, the sintered precursor consists of quantities of Ca(Ti,W)03 and TiO, 
which undergo a comproportionation reaction to form CaTi2O4 and W-Ti. After this 
reaction, fine W-Ti particles are homogenously distributed throughout the precursor. The 
CaTi2O4 then proceeds to reduces to titanium, via reactions (5.06) and (5.07). 
During the reduction of CaTi2O4 described above, the formation of a thick semi 
consolidated surface layer occurs. This layer is observed at 9 h of reduction, at this stage in 
reduction electrolyte penetration is significantly restricted. Thus, reduction of metal oxides 
within the core proceed results in a lowering of the local p02-. It is believed that the 
remaining CaTi2O4 begins to equilibrate with the local p02" by filling oxygen vacancies 
within the lattice. Eventually it is thought that the CaTi2O4 would disproportionate into TiO 
and CaTiO3. 
The situation described above is thought to continue until the consolidated metallic 
layer sinters sufficiently for the formation of large cracks. These cracks allow fresh 
electrolyte to flow into the core, leading to an immediate increase in the local p02". This 
would then facilitate the reduction of any remaining metal oxides within the core. 
During the reduction process the only intermediate metal compound solid solutions 
observed are Ca(Ti, W)03 and W-Ti. The presence of tungsten in solid solution within 
CaTiO3 improves the electronic conductivity of the phase, which has a positive impact on 
the reduction process. However the formation of a conductive TiO network as observed by 
author in the Ti-Mo system did not occur. Additionally, the formation of 13 Ti early in the 
reduction process as seen in the Ti-Mo system had a positive effect on the reduction process. 
Unfortunately, the formation of 13 Ti occurs late in the reduction of TiO2-W03, as the 
presence of oxygen in solid solution with titanium detrimentally affects the solubility of 
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tungsten in titanium. As such the electrochemical formation of Ti-Mo was more rapid than 
the formation of Ti-W under similar conditions. 
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Chapter 6 Analysing the FFC Cambridge 
Process Using Defect Chemistry 
6.1 Preface 
When literature on the electrochemical reduction of metal oxides is examined it 
becomes clear that there are conflicting opinions and a lack of broad understanding of the 
fundamentals of the reduction process. One key area not considered is the impact of the 
defect chemistry on the reduction of metal oxides. This chapter offers a new view of the 
reduction process that for the first time considers the impact of defect chemistry. Data 
obtained from the thin-film (§2.11) and metal cavity electrode experiments (§2.13), are 
reconsidered. 
6.11 Summary of Existing Interpretation of Thin Film Data 
The thin film experiments were conceived as a way to understand the fundamental 
processes taking place in an ideal reduction of TiO2. A voltammogram from the reduction of 
a TiO2 thin-film at 900°C in CaC12 is shown in Figure 6.01. The peaks were attributed to 
oxygen ionisation reactions [1] and based on SEM and XRD analysis were identified by 
Dring et al. [4] as reactions (6.01) to (6.05). In addition, the chemical formation of CaTiO3  
via reaction (6.06) was observed. A coherent layer was thought to form on the surface of the 
thin film resulting in a retardation of reduction. The reduction process as specified by Dring 
et al. is shown in Figure 6.02. 
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Figure 6.01 Voltammogram from the reduction of TiO2 thin films at 900°C in CaC12 [4] 
C4 	6TiO2 + 4e- = 2Ti305 + 202- (6.01) 
C3 	2Ti305 + 2e- = 3Ti203 + (6.02) 
C2' 	CaTiO3 + 2e = TiO + CaO + 02- (6.03) 
C2 	3Ti203 + 6e = 6TiO + 302- (6.04) 
Cl 	6TiO + 12e = 6Ti + 602- (6.05) 
TiO2 + CaO = CaTiO3  (6.06) 
The reduction outlined by Dring et al. [4], discussed in §2.11, is summarised in 
Figure 6.02. The reduction event C4 was thought to include multiple steps including the 
reduction of TiO2 to Ti305, followed by the disassociation of this phase to TiO2 and Ti203. 
The TiO2 then subsequently reacts with the electrolyte to form CaTiO3. C3 was believed to 
be the electrochemical reduction of Ti305 to Ti203. C2' and C2 were thought to be the 
electrochemical reduction of CaTiO3 and Ti203 to TiO, respectively. Finally C1 was 
attributed to the reduction of TiO to titanium. 
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Figure 6.02 Graphical representation of the reduction of TiO2 thin films as specified by 
Dring et al. [4] 
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6.2 Results and Discussion 
6.21 Novel Concepts 
Reduction Mechanism 
The electrochemical deoxidation of metal oxides is often described as a "direct 
ionisation" process, implying that oxygen is directly ionised and then released into the 
electrolyte. However, Sousa and Illas [101] have shown that the Ti-O bonds in TiO2, Ti203  
and TiO are 60 %, 78 % and 85 % ionic in nature, respectively. Therefore there is a 
probability that oxygen exists as 02. in the titanium oxides. Since oxygen exists as 02" in the 
electrolyte, no ionisation would occur, thus an alternative explanation to oxygen removal 
from the metal oxide is required. When examining the electronic structure of metals and 
oxides the concept of band structure is often encountered. Band structure involves the 
concept of valence and conduction bands. The valence band is made of many electrons (at 
different energy levels), which are associated with ions in the lattice and do not contribute to 
the electronic conductivity. The conduction band is filled with mobile electrons (at different 
energy levels) that account for the conductivity of a phase. The semiconductor-metal 
transition that often occurs in metal oxide systems can be explained as an overlapping of the 
valence band and conduction band. Electrons can be imparted to the conduction band from 
the valence band by any of the defects mentioned in §2.2. 
It is believed that the band structure can be used to explain the electrochemical 
reduction of metal oxides. When a metal oxide is negatively polarised and the band energy 
of that particular metal oxide is achieved. It is believed that electrons are added to the 
conduction band of the metal oxide, resulting in a current peak seen on the voltammograms. 
As a result, the metal oxide remains neutral by forming a defect such as titanium interstitials 
or oxygen vacancies. In a metal oxide the creation of an oxygen vacancy is more favourable. 
The oxygen ion, which is released from the lattice, can no longer be accommodated by the 
metal oxide and is thus ejected into the electrolyte. 
In a metal phase where oxygen exists as an interstitial, such as titanium, the oxygen 
exists in its ground state. In this case it could be argued that a direct ionisation of the 
interstitial oxygen via reaction (6.07) takes place. If this were the case one would expect an 
electrochemical response associated with the deoxidation of titanium to appear on the thin 
film and microelectrode voltammogram, however, this response may be masked by CO. 
0.5 02 -1- 2 = 02. 	 (6.07) 
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Calciothermic Reduction 
When viewing the voltammogram for the reduction of a TiO2 thin-film (Figure 
6.02), it could be argued that the reduction process is calciothermic in nature. The 
electrochemical predominance diagram shows that reaction (6.08), i.e. the formation of 
calcium at the cathode, can occur at less than unit activity (i.e. formation and dissolution of 
calcium into the electrolyte). Thus the reduction pathway for TiO2 could be described by 
reactions (6.09) to (6.12). However, the shape of the peaks on the TiO2 thin film 
voltammogram (Figure 6.01), indicate that the reduction of TiO2 thin films is not 
calciothermic in nature. The electrochemical predominance diagram shows that for the C4, 
C3 and C2 the activities of calcium in the electrolyte are very low. Thus an over potential 
would be required to initiate these reactions. As such the shape of the peaks would be more 
flat. The peaks observed by Dring et al. show that incremental changes in potential result in 
large changes in current. 
Ca2F + 2e" = Ca (6.08) 
3TiO2 + Ca = Ti305 + CaO (6.09) 
2Ti3O5 + Ca = 3Ti203 -F CaO (6.10) 
Ti203 + Ca = 2TiO + CaO (6.11) 
TiO + Ca = Ti + CaO (6.12) 
Solid Electrolyte 
CaTiO3 is often seen as an undesirable phase during the reduction of Ti02. In a TiO2 
precursor the formation of this phase within a TiO2 precursor would reduce porosity, thus 
reducing electrolyte flow and consequently affecting reduction negatively. Additionally the 
formation of this phase would occur on the surface of metal oxide particles and since it is a 
very stable phase, it would remain until the latter stages of reduction. However, despite the 
formation of large quantities of CaTiO3 reduction of the inner metal oxide particle proceeds. 
Investigation of CaTiO3 revealed a structure, which can incorporate large quantities 
of oxygen vacancies. Additionally, as shown in Figure 2.29 and Figure 2.30, under low 
partial pressure conditions CaTiO3 has significant ionic and electronic conductivities. 
Consider a single crystal TiO2 cathode surrounded by CaTiO3, with CaCl2 electrolyte and an 
anode. The CaTiO3 can be considered as "in series" with the CaC12 electrolyte. Under such 
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conditions the electronic conductivity of CaTiO3 does not impact reduction. The large 
concentration of oxygen vacancies coupled with good diffusion characteristics of CaTiO3  
mean that oxygen can be readily accepted by the CaTiO3 and transmitted. Thus if reduction 
occurs at the TiO2 single crystal, 02" can be ejected from the TiO2 and then accepted by the 
surrounding CaTiO3. The CaTiO3 can then eject an 02" into the CaC12 electrolyte. Thus 
CaTiO3 can be described as being a solid electrolyte. 
CaTiO3 is not the only oxide observed in this system that could be described as a 
solid electrolyte. TiO2 and TiO both have significant ionic conductivities and can 
accommodate large concentrations of oxygen vacancies. However, these metal oxides have 
relatively small electrochemical stability ranges when compared to CaTiO3, thus their use as 
a solid electrolyte is often short lived. 
During reduction a thick metal surface layer is often formed. This in conjunction 
with the formation of CaTiO3 usually results in very little porosity, thus very little CaC12 is 
left within the precursor. In such circumstances CaTiO3 could possibly act as an "oxide 
sink", thus facilitating reduction within the sample. 
6.22 Applying the Novel Concepts to Existing Data 
Reduction of Ti02: Thin-Films Electrodes 
When examining the voltammogram for the reduction of TiO2 thin-films there are a 
number of concerns that need to be addressed. The reduction of a thin-film is thought to 
occur instantaneously, with the reduction of all material at each reduction step. However, the 
models of Kar and Evans [8] and Deng et al. [7] (§2.11) predict that reduction of a thin film 
initiated at a favourable location and proceeds inward through the film. This point has not 
been fully considered and will be discussed further. 
Dring et al. [4] and Rao et al. [14] identified CT as the reduction of CaTiO3 to TiO, 
which occurs after C2. However the electrochemical predominance diagram, shown in 
Figure 6.03, indicates that the reduction of CaTiO3 to TiO should occur after the reduction 
of Ti203 to TiO. It was believed that the chemical formation of CaTiO3 would occur on the 
surface of the thin-film and result in a blocking layer. It was believed further reduction 
would not take place until this layer was reduced and porosity established. With the current 
data available on CaTiO3 (§2.24) and the explanation of the solid electrolyte concept, it is 
believed that a continuous surface layer of CaTiO3 will facilitate reduction of entrapped 
metal oxide layers. 
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Figure 6.03 The reduction of Ti203 to TiO vs. the reduction of CaTiO3 to TiO 
Using reactions (1), (2), (4) and (5) and the electrochemical predominance diagram 
it is possible to construct a theoretical voltammogram for the sequential reduction of TiO2 
(Figure 6.04). This diagram requires three assumptions; (i) all available metal oxide is 
reduced at each reduction event, (ii) the p02- is fixed at approximately six and (iii) reaction 
peaks have the same shape. The response for the formation of calcium, via reaction (6.13), 
can also be added to this diagram. 
CO 	Ca2+ +2e = Ca 	 (6.13) 
0 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 	13 	14 
p07. (4ogIa021) 
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Figure 6.04 Theoretical voltammogram for the reduction of TiO2 derived from the 
electrochemical predominance diagrams, which is based on the reaction equations of Dring 
et al. [4] 
If the theoretical voltammogram (Figure 6.04) and experimentally obtained 
voltammogram (Figure 6.01) are compared it becomes obvious that the peak heights are 
very dissimilar. However experimental evidence shows that the reduction pathway outlined 
by Dring et al. is valid, which indicates that an additional complication is occurring. As such 
it becomes necessary to re-analyse the reduction pathway, by considering the physical 
properties of the metal oxides formed (§2.22) and the thin-film models explained in §2.11. 
The reduction pathway proposed by the author is shown in Figure 6.05. This 
explanation is believed to be more coherent than that proposed by other authors. The first 
reaction event to take place is believed to be the reduction of TiO2 to Ti305. The release of 
oxide ions will reduce the local p02" of the electrolyte, thus favouring CaTiO3 formation. 
This results in a thin semi-coherent film of CaTiO3. Considering CaTiO3 solid electrolyte 
characteristics descibed earlier it is believed reduction of sub-layers is facilitated. The 
conversion of TiO2 to Ti305 is not fully realised as it is believed a quantity of TiO2 remains 
unreacted beneath the CaTiO3 and Ti305 layers. This is due to the poor diffusion kinetics of 
the Ti305 phase, exhibited by its narrow homogeneity range and the low conductivity. Thus 
the reduction rate is severely retarded once the thickness of the Ti305 layer reaches a critical 
thickness. The fact that not all the TiO2 was converted to Ti305 is believed to be the cause of 
the unexpectedly smaller C4 reaction event. 
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Figure 6.05 The proposed reduction pathway for a TiO2 thin film via the FFC Cambridge 
process 
The next reaction event believed to occur is the electrochemical reduction of Ti305 
and TiO2 to Ti203. It is thought that Ti203 has improved diffusion kinetics than Ti305. This 
is evidenced by the broader homogeneity range and higher conductivity, when compared to 
Ti305. As a result the critical thickness of the Ti203 layer before the TiO2 sub-layer is 
shielded is larger. Given that all of the Ti305 and some of the TiO2 layer are consumed it is 
expected that the reaction event C3 will be larger than expected when compared to C4. 
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Both Dring et al. [4] and Rao et al. [14] identified C2' as the reduction of CaTiO3 to 
TiO and C2 as the reduction of Ti203 to TiO. This conclusion was based on the premise that 
CaTiO3 acted as a coherent passivating layer, which prevented reduction of any sub-layers. 
However, as explained previously CaTiO3 can act as a solid electrolyte, thus facilitating 
reduction of sub-layers. In addition, the electrochemical predominance diagram shows that 
the reduction of CaTiO3 to TiO will occur before the reduction of Ti203 to TiO. As such the 
reduction events have been reassigned such that the reduction of Ti203 to TiO occurs before 
the reduction of CaTiO3 to TiO. 
Thus the next reduction event to occur is C2, which is designated as the reduction of 
Ti203 to TiO. TiO has a large homogeneity range and metallic conductivity, thus this phase 
good oxygen diffusion characteristics. The high diffusion of oxygen through the TiO product 
allows oxide removal at the reaction front. As such the entire Ti203 layer and the remaining 
TiO2 sub-layer is reduced. Thus the reaction event C2 would be much greater than expected. 
C2' is thought to be the reduction of the CaTiO3 layer to TiO. Thus the magnitude of C2' is 
dependent on the quantity of CaTiO3 formed during reduction. 
The TiO product from the reduction of CaTiO3 and the TiO product from the 
reduction of Ti203 are both indistinguishable. Thus Cl is the culmination of the reduction of 
TiO from two different sources and would be slightly larger in magnitude than expected. It 
is believed that Cl is the most idealised reduction event during the reduction of TiO2 thin 
films. If the theoretical and experimental voltammograms are normalised to C 1 , it becomes 
clear that the explanation above is highly feasible. 
Reduction of Ti02: Micro-Cavity Electrodes 
As described in §2.13, micro cavity electrodes (MCEs) were used to study the 
electrochemical reduction of metal oxides via the FFC Cambridge process. Rao et al. [14] 
stated that all powders used were —325 mesh indicating that the maximum particle size was 
44 Rm. From the voltammogram showing the reduction of TiO2 (Figure 6.06a) it can be 
concluded that the reduction process more accurately mimics the ideal voltammogram than 
the TiO2 thin film reductions. This indicates that reduction using MCEs is more idealised 
than thin-film reduction. Despite Rao et al. labelling C2' before C2 in Figure 6.06b, c and d, 
the author believes that these peaks have been mislabelled as a result of the misconception 
concerning CaTiO3 phase made by Dring et al.. 
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Figure 6.06 Voltammogram of the reduction of metal oxides in micro-cavity electrodes 
where (a) Empty, (b) TiO2, (c) Ti305, (d) Ti203, (e) TiO and (f) CaTiO3  
When examining the voltammograms for the reduction of CaTiO3 and TiO2, it can 
be seen that the first reduction event for the reduction of CaTiO3 closely correspond to the 
latter of the C2' C2 peaks on the TiO2 voltammogram (Figure 6.07). This would indicate 
that the reduction of CaTiO3 occurs after the Ti203. 
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Figure 6.07 Voltammogram for the electrochemical reduction of TiO2 (above) and CaTiO3  
(below) in micro-cavity electrodes 
The voltammograms obtained from the reduction of TiO2 in microelectrodes appears 
to be more like the idealised voltammogram with the obvious exception of C4. The shallow 
C4 peak indicates that the TiO2 has not entirely reduced to Ti305. This could occur in several 
ways; firstly as shown in Figure 6.08, it could be argued that particles form layers of Ti305, 
which shields the remaining TiO2 by blocking oxygen transport. However, it could also be 
argued that the particles closest to the current collector reduce to Ti305. Given that these 
particles are interconnected, potential is imparted to other particles via the reduced Ti305  
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.20 
particles. Since the formation of Ti305 leads to a reduction in conductivity of the particle, a 
sufficient potential drop may occur across these particles to retard further reduction of the 
remaining TiO2 particles. Considering the size of the TiO2 particles and the relatively small 
quantities of powder reduced the author believes the former is more likely, though in all 
probability both may occur simultaneously. 
TI20 3 Ti O 	 Ti 
Figure 6.08 Theoretical reduction of a TiO2 particle in a microelectrode 
An interesting feature of the work conducted by Rao et al., is the presence of the C2' 
(reduction of CaTiO3 to TiO) electrochemical event for the reduction of Ti305 and Ti203  
powders. This was not commented upon by the researchers however, the results imply that 
the formation of CaTiO3 occurs from these phases while under reducing potential. The 
chemical formation of CaTiO3 requires the presence of Ti02, so it is perplexing as to why 
the C2' is detected. 
Another possible explanation for the formation of CaTiO3 is as a result of the 
calciothermic reduction of the metal oxides via reactions (6.14) to (6.16), which are all 
thermodynamically favourable. Reactions (6.14) to (6.16) were suggested by Schwandt et al. 
[15] and result in the formation of CaTiO3 during the reduction Ti203 and Ti305. Schwandt 
et al. believed that the reduction process involved the intercalation of the Ca2+ into the 
various oxides, resulting in a reduction as well as the formation of CaTiO3. However, on 
closer inspection of reactions (6.15) and (6.16) it becomes obvious that some of the titanium 
in the initial metal oxide is oxidising to the 4+ state in CaTiO3. This cannot fundamentally 
occur electrochemically under cathodic conditions. 
4TiO2 + Ca2+ + 2e = CaTiO3 + Ti305 	 (6.14) 
3Ti3O5 + Ca2+ + 2e- = CaTiO3 + 4Ti203 	 (6.15) 
2Ti2O3+ Ca2+ + 2e- = CaTiO3 + 3TiO 	 (6.16) 
Alternatively it could be argued that the disassociation of Ti305 to TiO2 and Ti203  
(reaction (6.17)), followed by the chemical formation of CaTiO3 from Ti02, could explain 
the presence of CaTiO3 during the reduction of Ti305. Unfortunately, the same rationale 
cannot be applied to the formation of CaTiO3 from Ti203 as it will not dissociate. It could be 
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argued that Ti203 will chemically react with CaO to form CaTi204 at the cathode via 
reaction (6.18). However, there is no literature to suggest such a reaction would take place. 
Ti305 = Ti203 + TiO2 
	 (6.17) 
CaO + Ti203 = CaTi2O4 	 (6.18) 
Rao et al. conducted these experiments in a titanium crucible that was most likely 
re-used. As explained in §3.2, the titanium crucible acts as an oxygen getter protecting the 
electrolyte. However this could also lead to the dissolution of TiO2 into the electrolyte to 
form the oxo-acid TiO2 .+  The TiO2+ could possibly react with calcium and oxygen ions to 
form CaTiO3 at the cathode, via reaction (6.19). The calcium ions and TiO2± would be 
present near the cathode. In addition oxide ions are generated from the reduction of metal 
oxides at the cathode. This would imply that CaTiO3 formation is possible even when 
reducing TiO, in similar conditions. If the voltammogram from the reduction of TiO (Figure 
6.06e) is re-examined, it could be argued that there is a slight inflection prior to C1 
corresponding to C2'. Since no reduction of metal oxide take places prior to C2', i.e. no 
release of oxide ions into the local vicinity, the reaction rate would be rate limited and C2' 
would be small. 
Ti02+ + Ca2+ + 202" = CaTiO3 	 (6.19) 
6.3 Conclusions 
This chapter demonstrates that the phase CaTiO3 acts as a solid electrolyte allowing 
the transport of oxygen ions through it. In addition, under the conditions experienced during 
experimentation it is believed CaTiO3 has significant electrical conductivity. Conventional 
wisdom would suggest that this phase is a blocking and insulating phase, which impedes 
reduction. Such conclusions were drawn from the thin film experimentation in which a 
continuous CaTiO3 layer is believed to shield titanium oxide sub layers from reduction. 
However re-interpretation of existing thin-film data suggests that reduction of titanium sub 
layers occurs in the presence of a continuous CaTiO3 layer. Given this new understanding 
the reduction pathway for TiO2 for thin films and micro-cavity electrodes has been updated. 
When examining the defect chemistry of the various phases formed during the 
reduction of TiO2 in thin-films and micro-cavity electrodes, it becomes obvious that the 
phases Ti203 and Ti305 are both undesirable. This is because both phases show an extremely 
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small homogeneity range and thus a very small capacity for oxygen vacancies. The diffusion 
of oxygen through these phases is related to the capacity for oxygen vacancies. In the case of 
thin-film and micro-cavity experimentation this would mean that thin layers of these phases 
would shield remaining metal oxide, thus impeding reduction. These phases would present 
similar issues for pellet reductions. 
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Chapter 7 Conclusions and Further Work 
The electrochemical reduction of Ti-15Mo was found to proceed as a result of two 
reduction pathways. A fraction of the (Ti, Mo)02 reduced to (Ti, Mo)O. It is believed that 
molybdenum in solid solution prevented the formation the intermediary phases Ti305 and 
Ti203. The remaining (Ti, Mo)02 chemical reacts with the electrolyte to form CaTiO3. It is 
believed that CaTiO3 has very low solubility for molybdenum, thus this chemical reaction 
results in the precipitation of molybdenum particles. The formation of CaTiO3 throughout 
the precursor will significantly reduce porosity and adversely affect reduction. However, the 
presence of (Ti, Mo)O particles throughout the precursor is thought to be highly beneficial, 
providing a highly conductive metal oxide network. This network would ensure no potential 
drop is incurred across the sample. In addition if there are regions where porosity is filled, 
the network could provide a route by which oxide ions are transported to the electrolyte. 
(Ti, Mo)02 4 (Ti, Mo)O 4 Ti-15Mo 
(Ti, Mo)02 4 CaTiO3 + Mo 4 (Ti, Mo)O + Mo 4 Ti-15Mo 
The FFC Cambridge Process was used to form Ti-10 wt. % W from TiO2-W03  
mixed oxide precursors at 900°C in a CaC12 electrolyte. It was found that the reduction 
pathway was significantly different to that of the Ti-Mo system, despite both being 13 
stabilisers and occupying group six of the periodic table. The initial preform was a discrete 
mixture of TiO2 and W03. The only solid solution observed during reduction was Ca(Ti, 
W)03, however it is believed (Ti, W)02 also forms. The initial step was found to be the 
reduction of WO3 to tungsten particles. The tungsten particles had a significant titanium 
content indicating some homogenisation had taken place between TiO2 and W02. The 
reduction of WO3 is accompanied by significant formation of Ca(Ti, W)03 from a fraction of 
the TiO2. It is believed that this will significantly improve the conductivity of this phase. The 
remaining TiO2 reduces through the lower oxides to TiO. It is believed that a 
comproportionation of TiO and Ca(Ti, W)03 takes place resulting in the formation of 
CaTi2O4 and W-Ti particles. The precipitation of W-Ti particles is thought to occur as a 
result of the low solubility of tungsten in CaTi2O4. CaTi2O4 and W-Ti particles become the 
majority phases present in the sample. Reduction of CaTi2O4 to titanium is then observed. 
The small quantities of CaTi2O4 remaining then undergo a disproportionation to CaTiO3 and 
TiO. This is believed to occur as a result of the increasing local oxide activity. The 
remaining metal oxides reduce to titanium, however a homogenisation of titanium and W-Ti 
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does not initially occur. The W-Ti-O ternary phase diagram shows that high oxygen contents 
in titanium reduce the solubility of tungsten in titanium. 
When comparing the two titanium alloy systems a number of interesting things can 
be deduced; 
The formation of CaTi204 was only observed in the Ti-W system. If the formation of 
CaTi204  was electrochemical in nature it would be observed in both systems. The fact that it 
is not confirms the hypothesis that it forms from a comprortionation between TiO and 
CaTiO3. Both TiO and CaTiO3 are present in both system, thus it is curious as to why one 
comproportionation takes place and not the other. In the Ti-W system the CaTiO3 stabilised 
with tungsten and the TiO is relatively pure. Whereas in the Ti-Mo system the TiO is 
stabilised with molybdenum and the CaTiO3 is relatively pure. This would seem to suggest 
that TiO is the main instigator in the formation of CaTi204. 
The reduction pathway was largely subject to the level of interaction between the 
metal oxides. For example, when (Ti, Mo)02 was reduced the subsequent phase formed was 
(Ti, Mo)O. Ti305 and Ti203 were not formed as the valence of the cation in these phases is 
not shared by molybdenum. Similarly, (Ti, W)02 is reduced to W-Ti. (Ti, W)0 is not formed 
as tungsten has no 2+ valence state. Thus the reduction pathway can be predicted to a certain 
degree. 
When forming alloys the behaviour of the metallic phases can be quite interesting. 
Both molybdenum and tungsten are p stabilisers, though molybdenum is approximately 
twice as effective as tungsten. Despite their similarity, oxygen content in titanium seems to 
affect the solubility of tungsten, while molybdenum seems unaffected. Tungsten is not the 
only stabiliser that is affected by the oxygen content of titanium, thus care must be taken 
when considering the most favourable alloys to be formed via the FFC Cambridge process. 
Another interesting difference between the two alloy systems is the level of 
elemental loss observed. Unlike the Ti-Mo system, the Ti-W system seems to experience 
some elemental loss to the electrolyte. This was thought to be a result of the formation of 
oxychloride species, which have much broader stability fields in the Ti-W system when 
compared to Ti-Mo. 
The final results chapter of this work was devoted to the re-interpretation of thin 
film experiments and results. This new interpretation has implications for the fundamentals 
of reduction as well as the scale up. To summarise, conventional wisdom would suggest that 
CaTiO3 is an undesirable phase in the FFC Cambridge process that can either block or 
passivate reduction. However, it was found that reduction can occur under CaTiO3 layers. It 
Chapter 6 	 Conclusions and Further Work 	 124 
is thought that CaTiO3 phase acts as a solid electrolyte allowing the transit of 02" ions, thus 
facilitating reduction. 
Evaluating the defect chemistry of the phases in the Ca-Ti-0 system, it becomes 
obvious that the phase with the lowest conductivity and oxygen diffusion is Ti305 followed 
closely by Ti203. It is the author's belief that titanium alloy systems which avoid the 
formation of these two phases will be amongst the most efficiently reduced systems. 
The impact of the secondary oxide of isomorphous 13 stabilisers, while affecting the 
reduction pathway of Ti02, also improves the conductivity of the various phases formed 
during reduction. This is because the metal oxides of these isomorphous f3 stabilisers act as 
donor impurities in titanium oxides. In additions the isomorphous J3 stabilisers such as 
niobium, vanadium and molybdenum provide excess electrons in titanium which tend to 
favour the cubic allotrope, which has better diffusion characteristics that a titanium. While 
isomorphous 13 stabilising metal oxides provide several advantages to the FFC Cambridge 
process, the metal oxides of a stabilisers and the eutectoid 13 stabilisers can detract from the 
FFC Cambridge process. The metal oxides of a stabilisers would act as acceptor impurities 
and would reduce the conductivities of metal solid solutions formed with titanium oxides. 
Additionally they would stabilise a titanium which would slow the deoxidation of metallic 
titanium. 
In metallic titanium, the eutectoid f3 stabilisers stabilise the cubic allotrope more 
effectively that the isomorphous stabilisers. However, the eutectoid p stabilisers such as iron, 
nickel and chromium reduce the diffusion of oxygen through metallic titanium. As such the 
impact of these stabilisers on the FFC Cambridge process is hard to gauge. When mixed 
with titanium oxide, the presence of the oxides of these stabilisers tends to result in the 
formation of compounds, such as FeTiO3, NiTiO3, most likely resulting in a significant 
altering of the reduction pathway. 
The author believes that the next step for the FFC Cambridge process is to observe a 
reduction in-situ. As such it is believed that X-ray synchrotron facilities at the ESRF 
(Grenoble, France) can be used to observe the evolution of phases during the reduction of 
TiO2 pellet. Correlation of the voltammogram to the experimental data would undoubtedly 
shed light on the reduction pathway. In addition, the data gained from these experiments 
would shed light on the kinetics of formation of layers. Once the TiO2 system was observed 
and the reduction pathway catalogued in-situ, the next step would be to evaluate the 
reduction of a titanium alloy system. 
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"Hope for the Best. Expect the worst. Life is a play. We're unrehearsed" 
Mel Brooks 
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